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Introduction 

This second volume in the series shows how the basic 
principles of electricity apply to the behavior of AC and 
DC circuits, the building blocks from which all electrical 
and electronic equipment is made. As the principles of cir-
cuit operation are presented, they are related to familiar 
applications to help you understand both the principle itself 
and how it can be put to practical use. Thus the learning 
process is made easier, and your interest in the subject is 
maintained. In this volume you will progress beyond basic 
generalities and begin to learn specific facts of greater prac-
tical importance. After studying this volume, you will be 
able to apply your knowledge of circuit fundamentals to 
the analysis of how electrical and electronic devices work. 

WHAT YOU WILL LEARN 

This volume explains how the relationship between volt-
age and current in a circuit depends on the arrangement of 
components in the circuit. You will learn about these 
components (resistors, inductors, capacitors, transformers, 
etc.) and study the basic ways in which they can be con-
nected. Methods of calculating the combined effect of sev-
eral resistors, inductors, or capacitors connected in a circuit 
are also discussed. The text explains reactance—how in-
ductors and capacitors produce different results for AC than 
they do for DC. You will discover how reactance and resist-



ance produce a combined effect called impedance. Special 
combinations of capacitance and inductance that produce a 
condition called resonance are presented, and you are shown 
how this condition can be put to use in tuning radio and 
television receivers, as well as in many other applications. 
The meaning of phase and the use of vectors when studying 
the actions of AC in a circuit are explained. You will be-
come familiar with time constants and be introduced to the 
fundamentals of pulse circuits. Finally, you will study about 
transformers, how they work, and how and why they are 
used. 

WHAT YOU SHOULD KNOW BEFORE YOU START 

Before studying this text it is desirable, but not absolutely 
necessary, that you have a general familiarity with the 
basic principles of electricity and electronics (such as is 
provided by Volume 1 of this series). However, the only 
essential prerequisites for learning about AC and DC cir-
cuits from this text are an ability to read and a desire 
to learn. All terms are carefully defined. Enough math is 
used to give precise interpretation to important principles, 
but if you know how to add, subtract, multiply, and divide, 
the mathematical expressions will give you no trouble. 

WHY THE TEXT FORMAT WAS CHOSEN 

During the past few years, new concepts of learning have 
been developed under the common heading of programmed 
instruction. Although there are arguments for and against 
each of the several formats or styles of programmed text-
books, the value of programmed instruction itself has been 
proved to be sound. Most educators now seem to agree that 
the style of programming should be developed to fit the 
needs of teaching the particular subject. To help you pro-
gress successfully through this volume, a brief explanation 
of the programmed format follows. 
Each chapter is divided into small bits of information 

presented in a sequence that has proved best for learning 
purposes. Some of the information bits are very short—a 
single sentence in some cases. Others may include several 
paragraphs. The length of each presentation is determined 



by the nature of the concept being explained and the knowl-
edge the reader has gained up to that point. 
The text is designed around two-page segments. Facing 

pages include information on one or more concepts, complete 
with illustrations designed to clarify the word descriptions 
used. Self-testing questions are included in most of these 
two-page segments. Many of these questions are in the form 
of statements requiring that you fill in one or more missing 
words; other questions are either multiple-choice or simple 
essay types. Answers are given on the succeeding page, so 
you will have the opportunity to check the accuracy of your 
response and verify what you have or have not learned be-
fore proceeding. When you find that your answer to a ques-
tion does not agree with that given, you should restudy the 
information to determine why your answer was incorrect. 
As you can see, this method of question-answer program-
ming insures that you will advance through the text as 
quickly as you are able to absorb what has been presented. 
The beginning of each chapter features a. preview of its 

contents, and a review of the important points is contained 
at the end of the chapter. The preview gives you an idea 
of the purpose of the chapter—what you can expect to learn. 
This helps to give practical meaning to the information as 
it is presented. The review at the completion of the chapter 
summarizes its content so that you can locate and restudy 
those areas which have escaped your full comprehension. 
And, just as important, the review is a definite aid to reten-
tion and recall of what you have learned. 

HOW YOU SHOULD STUDY THIS TEXT 

Naturally, good study habits are important. You should 
set aside a specific time each day to study in an area where 
you can concentrate without being disturbed. Select a time 
when you are at your mental peak, a period when you feel 
most alert. 
Here are a few pointers you will find helpful in getting 

the most out of this volume. 

1. Read each sentence carefully and deliberately. There 
are no unnecessary words or phrases ; each sentence pre-



sents or supports a thought which is important to your 
understanding of electricity and electronics. 

2. When you are referred to or come to an illustration, 
stop at the end of the sentence you are reading and 
study the illustration. Make sure you have a mental 
picture of its general content. Then continue reading, 
returning to the illustration each time a detailed 
examination is required. The drawings were especially 
planned to reinforce your understanding of the subject. 

3. At the bottom of most right-hand pages you will find 
one or more questions to be answered. Some of these 
contain "fill-in" blanks. Since more than one word might 
logically fill a given blank, the number of dashes indi-
cates the number of letters in the desired word. In 
answering the questions, it is important that you 
actually do so in writing, either in the book or on a 
separate sheet of paper. The physical act of writing 
the answers provides greater retention than merely 
thinking the answer. Writing will not become a chore 
since most of the required answers are short. 

4. Answer all questions in a section before turning the 
page to check the accuracy of your responses. Refer to 
any of the material you have read if you need help. If 
you don't know the answer even after a quick review 
of the related text, finish answering any remaining 
questions. If the answers to any questions you skipped 
still haven't come to you, turn the page and check the 
answer section. 

5. When you have answered a question incorrectly, return 
to the appropriate paragraph or page and restudy the 
material. Knowing the correct answer to a question is 
less important than understanding why it is correct. 
Each section of new material is based on previously 
presented information. If there is a weak link in this 
chain, the later material will be more difficult to 
understand. 

6. In some instances, the text describes certain principles 
in terms of the results of simple experiments. The in-
formation is presented so that you will gain knowledge 



whether you perform the experiments or not. However, 
you will gain a greater understanding of the subject if 
you do perform the suggested experiments. 

7. Carefully study the review, "What You Have Learned," 
at the end of each chapter. This review will help you 
gauge your knowledge of the information in the chapter 
and actually reinforce your knowledge. When you run 
across statements you don't completely understand, 
reread the sections relating to these statements, and 
recheck the questions and answers before going to the 

next chapter. 

This volume has been carefully planned to make the learn-
ing process as easy as possible. Naturally, a certain amount 

of effort on your part is required if you are to obtain the 
maximum benefit from the book. However, if you follow the 
pointers just given, your efforts will be well rewarded, and 
you will find that your study of electricity and electronics 
will be a pleasant and interesting experience. 
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1 
Understanding 
Basic Principles 

It is important that you 
What You learn to visualize and 

describe electron flow and 
Will Learn be able to define the differ-

ence between conductors and 
insulators. In this chapter you will learn to identify and 
describe the six methods for developing electricity. You 
will determine the effect of resistance and voltage on 
current flow and become familiar with actual devices. 

WHAT IS ELECTRICITY? 

Electricity is voltage and current. Voltage is electrical 
pressure, and current is the flow of charged particles. 

VOLTAGE AND CURRENT 

Voltage (electrical pressure) is an excess of negatively 
charged particles at one terminal of a source with respect 
to the other terminal. 
Current is the movement of these charged particles from 

the negative terminal of the source (battery), through the 
load (lamp), and back to the positive terminal of the source. 

17 



THE MOLECULE 

To establish a mental picture of these charged particles 
and their movement, you must visualize how all matter is 
put together. First, consider the smallest grain of salt you 
can see. Assume that we break it in half and then break 

TINY 
GRAIN 
OF SALT 

DIVISION OF A GRAIN Of 
SALT 

- 

_ _ THE SMALLEST POS S I BLE 
PIECE OF SALT 

one of the halves in half, continuing the process until we 
have the smallest piece of salt possible. This piece cannot 
be seen, even with the most powerful microscope. This 
breakdown to the smallest possible piece of salt would 
require several million of the 1/2 -of-1/2 steps. 
The smallest possible piece of salt is called a molecule. It 

consists of two elements—chlorine and sodium. A molecule, 
by definition, is the smallest particle of a substance that 
still retains the same physical and chemical characteristics 

= SALT 
â11,11 

KIME111, 

of the substance. A molecule of salt is made up of two 
elements—one part chlorine and one part sodium—chemi-
cally bonded, or "welded," together. Water is composed of 
two parts hydrogen and one part oxygen. 

THE ATOM 

The elements that are bonded together to form the mole-
cule are called atoms. The atom, by definition, is the smallest 
portion of an element which exhibits all properties of the 
element. An element is one of a class of substances (of 

18 



which more than 100 are now recognized) which cannot be 
separated into substances of other kinds. The atom is made 
up of even smaller particles called protons, electrons, and 
neutrons. There are other tiny particles in an atom, but 
these three are all that will be discussed. 

EQUATIONS 

ONE MOLECULE 
OF SALT 
ONE MOLECULE 
OF WATER 

FOR SALT AND WATER 

ONE ATOM OF SODIUM ± 
ONE ATOM OF CHLORINE 
TWO ATOMS OF HYDROGEN -I--
ONE ATOM OF OXYGEN 

The helium atom has two electrons in orbit around a 
nucleus of two protons and two neutrons. An electron has 
a negative charge that is equal to but opposite in polarity 

THE HELIUM ATOM 

- THE NEGATIVE PARTICLE = ELECTRON 

e z THE POSITIVE PARTICLE = PROTON 

= THE NEUTRAL PARTICLE = NEUTRON 

to the positive charge of a proton. The atom is very similar 
to the solar system in structure. 

1. Of what would the smallest particle of water be 
made? Draw a diagram similar to the one for a 
molecule of salt on a separate sheet of paper. 

19 



Your Answer Should Be: 

Al. The smallest particle of water would be made of 
two parts hydrogen and one part oxygen. 

HYDROGEN 

A MOLECULE OF WATER 

II \ 
  HYDROGEN 

r _ _ 

FREE ELECTRONS 

If the proper amount of energy in the form of heat, light, 
electrical pressure, etc., is concentrated in an atom, it can 
cause the atom to give up or take on electrical particles. Ele-
ments differ from each other by the number of electrons in 
orbit and how many protons and neutrons are in the nucleus. 
Normal atoms have the same number of protons in the 

nucleus as they have electrons in orbits. 

47 PROTONS 

28 

18 
1 

SILVER 

SILVER .1.\1) COPPER Al'OU. 

47 ELECTRONS 

29 ELECTRONS 

Electrons do not all move in the same direction around 
the nucleus. They travel in many different orbit paths (as 
many paths as there are electrons). Counting from the 
nucleus outward, the greatest number of electrons that can 
exist in the first and second orbit zones are 2 and 8, respec-
tively. Subsequent zones may be filled by 8, 18, or 32 elec-

20 



trons. When the outer orbit zone is not completely filled, 
the element (atom) has the ability to release free electrons 
when voltage is applied. 

Silver and copper atoms have only one electron in their 
outer orbit zone. The amount of energy needed to move 
these electrons to a nearby atom will be less than if the 
outer orbit zone were completely filled. 
Some elements have all of their orbit zones completely 

filled. These elements are called inert because they will 
neither give up nor accept an electron from another atom. 
The neon atom is a good example of this concept. Its atomic 
number is 10—it has 10 electrons in orbit around a nucleus 
containing 10 protons. As can be seen in the illustration 
below, the outer orbit zone contains 8 electrons, thus it is 
completely filled. By contrast, the fluorine atom has only 7 
electrons in its outer orbit. This makes chlorine an active 
element rather than an inert element. 

THE NEON ATOM 
ATOMIC NUMBER - 10 

THE FLUORINE ATOM 
ATOMIC NUMBER -9 

NUCLEUS 

\ NUCLEUS CONTAINING 
PROTONS & NEUTRONS 

MISSING ONE 
ELECTRON 

Q2. An atom, like the solar system, is mostly • 

Q3. Could a molecule be a single atom? (Review each 
definition carefully.) 

Q4. The electrons go from the negative terminal, 
through the load, and to the positive terminal of 
the source. What path do they follow inside a 
battery? 

Q5. Name the particles in the nucleus and assign the 
proper charges. Assign the proper charge to the 
particles which orbit about the nucleus. 

21 



Your Answers Should Be: 

A2. The atom, like the solar system, is mostly space. 

A3. Yes, if the substance in question is one of the 103 
elements. 

A4. The electrons, or the flow of negative charges, must 
move from the positive terminal of the battery 
through the battery to the negative terminal. 

A5. The nucleus contains protons (a proton has one 
unit of positive charge) and neutrons (a neutron 
has one unit of positive and one unit of negative 
charge). Electrons are in orbit around the nucleus. 
The electron is assigned one unit of negative 
charge. 

THE ION 

If enough force or energy is applied to an atom it is pos-
sible to add or take away an electron or two. If this happens, 
the atom will have an unbalanced electrical charge ( unequal 
number of electrons and protons). This unbalance will cause 
the atom to have either a negative or positive charge. When 
an atom is charged (either negative or positive), it becomes 
an ion. A negatively charged atom is called a negative ion, 
and a positively charged atom a positive ion. 

r 
POSITIVE ION 

NEGATIVE ION 

It was shown earlier how the sodium and chlorine atoms 
were bonded to form common household salt. This bonding 
is not a difficult thing to understand if you consider that 

CHLORINE 
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the sodium positive ion shares its outer electron with the 
chlorine negative ion so that the two bond together to form 
balanced outer-orbit zones. That is, the sodium atom shares 
its outer electron with the chlorine atom, which permits the 
chlorine outer-orbit zone and the sodium outer-orbit zone to 
be effectively fi!led. 

This sharing process establishes a stable combination (a 
molecule of salt) which is difficult to break. In the combina-
tion (molecule), you could consider the sodium atom capable 
of being a positive ion and, at the same time, the chlorine 
atom capable of being a negative ion if either should become 
isolated. 

IITM1 Àâ60k1 ,.. ; `, tuem , , 
• — -• — le"' .--- — — 'It 

THIRD (CUTER) // IA'  \ / 
OR B I T ZONE i \ / 

i',' I AII\ ' \,/ 
di 4 18 PROTONS i ..• 
..- \ I Mr '1 

/ \\ t r 
r ,A. 1 • 
• .... _ .... ..... .‘...sli;  -.14: ...... 1 ' FIRST ORBIT ZONE 

\ r 
\ L--SECOND ORBIT ZONE 

Q6. Could argon, with an atomic number of 18 (18 elec-
trons and 18 protons), be considered a free-electron 
type element? Why? 
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Your Answer Should Be: 

A6. No. Argon has all orbit zones completely filled. 
Each argon atom has 2, 8, and 8 electrons in its 
three orbit zones, making it inert. 

FORCE AND FLOW 

To have electrical movement, energy must be applied to 
the atoms in a material. For the electrical movement to be 

HEAT CAUSES ELECTRONS TO JUMP FROM ATOM TO ATOM 

0-cx o-p_o p,0 0-
d 0-0 0 ro.0 b 

29 0-Q0.a2P 9 )° 
CI 0- C(6 \01 d 9 

‘ kelAÑIE}3 
METAL BAR 

HEAT SCATTER 
EFFECT 

of value, the energy must be applied in such a manner as 
to move a relatively large number of electrons in the desired 
direction. 

PUSH 

0 0 0  Ce- 0 -'0-  0 - 0 - 0 - e 
0 0   e 0 0 

0-- 0- 0-0- 0-0-- 0- lo o o 

0 0- 0- 0- 0 00 
000 C:) 

r„,   
%.-• ELECTRICAL PRESSURE 000 

DIRECTED FORCE 
METAL BAR 

BALL STRIKES - 1 I KES CAUSES BALL TO POP OFF END 

U:10 

PULL 

Electrical pressure is the most common form of control. 
This electrical pressure, or force, is made available by many 
forms of voltage sources. 
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A voltage source is an excess accumulation of negatively 
charged ions in one area with respect to another area. 

A FLASHLIGHT CELL 

(e\eoeseeeee(e 
Goec:) ,Deeeci 
8;000088089e 
vvoee 000990\pi 

NEGATIVELY 
CHARGED 

SI DE 

OUTSIDE SHELL 

POSITIVELY 
CHARGED 
SIDE 

(Jo®®®_(  
CENTER POST 

A battery is one such form of voltage source. It has an 
excess of negative charges on one terminal and a lack of 
negative charges on the other terminal. When the two bat-
tery terminals are applied properly to other elements, a 
complete path from one terminal to the other is formed. 
The more negative terminal gives off negative charges that 
pass through the other elements to the positive terminal. 

IBATTERY 

3 V =-
SOURCE 

LOAD 
LAMP 

This process continues until the charges on the two ter-
minals are equal. This does not mean the terminals have to 
be so completely neutralized that no electrical charge exists 
on either terminal. Under this condition, the battery is 
discharged (run down). 
Many processes in electricity are described in terms of 

electrical charge. Not only must you be concerned with the 
amount of electrical charge, you must also be concerned 
with the polarity (negative or positive). 

Q7. Consider the salt molecule. Could the effect of 
electrical charges, one atom to the other, hold it 
together? 

25 



Your Answer Should Be: 

A7. Yes. Electrical charges do affect the bonding of the 
two atoms, one to the other. 

Electrons and Ions 

One atom is constantly trying to steal an electron from 
another atom so that the last orbit zone will be completely 
filled. This results in the production of two ions (if they 
are considered separately)—one negative and the other posi-
tive. The two atoms are thus held together because of the 
unlike charges attracting each other. 
Why is it the earth does not go crashing into the sun? 

These two bodies are attracted to each other. If this attrac-
tion did not exist, the earth would not revolve around the 
sun in its yearly orbit. Instead, the earth would go rambling 
off into space. If you swing a ball in a circle at the end of 
a string, the ball tends to pull away from you. If you pull 
back with an equal force, the ball remains the same distance 
from you. The same is true of the earth and the sun. If the 
earth were to speed up (go faster in its orbit about the 
sun), it would slowly move farther and farther away from 
the sun. If it were to slow down, it would finally collide with 
the sun. 

/wee dad ihe „cm 
EARTH'S CENTRIFUGAL 

FORCE IS EQUAL TO 
THE SUN'S PULL 

- SUN PULLS AT 
THE EARTH WITH 
A GREAT FORCE 

PATH IT TRIES* YEARLY ORBIT 
TO FOLLOW PATH 

With respect to the ratios of size and weight indicated 
between the earth and the sun, how do the particles in the 
tiny atom compare? First, the electron is many times 
lighter than the proton. Second, the proton is slightly lighter 
than the neutron. With nearly all the mass or weight in the 
center (nucleus) of an atom and the lighter particle moving 

SUN 

26 



about it in an orbit, the electron is the most likely particle 
to be disturbed by some external force. However, the entire 

THE ION PATH 

- 

VOLTAGE. 
SOURCE 

POSITIVELY CHARGED PLATE 
+++++++++4+ ++++4-++++ 4-

NEGATIVE 
ION 

ION PATH ----bye" 

/ POSITIVE ION 

NEGATIVELY CHARGED PLATE • 

atom may be moved. How about the ion, could it be caused to 
travel in a directed line? Yes. If positive, it will be repelled 
by another positive force or attracted by a negative force. 

Q8. What happens in the atom, with reference to the 
description of forces on the earth? Draw the atom 
to include the nucleus and the orbiting electrons. 

Q9. Could the earth be made to move in a straight line? 

Q10. Show by an illustration what effects positive and 
negative forces have on a negative ion. 

Q11. Draw a lithium atom, atomic number 3. Label the 
free electron. 

Q12. What effect do the neutrons within an ion have on 
the movement of the ion? 

27 



ELECTRON 

-4-CiNTR ll-G-il 
FORCE i 

i 
PATH IT WOULD I PATH 
FOLLOW IF NO-
NUCLEUS PULL t 

Yes, if enough force were applied from 
source that had a much greater pull than 
applied by the sun. 

Al2. They have the effect of slowing down the move-
ment of the ion because of their mass. Without 
the neutron the ion could be moved more easily. 

PRODUCTION OF ELECTRICITY 

Electricity is produced by a movement of charges between 
two terminals. One terminal collects negative charges and 
the other positive charges. Electricity can be the movement 
of free electrons from one point to another. A DC gen-
erator, a device for producing a constant voltage, moves an 
excess of electrons in one direction through a series of wind-

28 



ings. The electron movement is caused by the loops of wire 
cutting magnetic fields. 

graneTen 

WIRES ROTATED SO 
AS TO CUT THROLGH 
THE MAGNETIC FIELD 

A FORCE TURNS THE 
GENERATOR SHAFT 

A MAGNETIC NORTH 
AND SOUTH FIELD 

OUTPUT FROM BRUSHES 

BRUSHES 

Electricity can also be a movement of positive ions in one 
direction and, at the same time, a movement of negative 
ions in the other direction. 

INTERNAL. 

ACTION 

OF A 

BATTERY 

In order for electricity to be produced, there must be a 
way to transfer charges from one place to another. This 
transfer of charges is made possible by the use of 
conductors. 

Q13. What is the source of electricity called? 

Q14. How is the source of electricity made available to 
other locations? 
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Your Answers Should Be: 

A13. A voltage source. 

A14. Electric charges are transferred from one location 
to another by conductors. 

CONDUCTORS AND INSULATORS 

The use of a conductor as the path by which electrical 
charges are transferred from one point to another is dem-
onstrated in automobiles, homes, aircraft, ships, and almost 
anything else you can name. Examples of insulators are the 
large glass shields used to support wires and the rubber or 
plastic coverings along the surface of the conductors. 

CONDUCTORS AND INSULATORS 

INSULATOR 

CONDUCTOR 

LINE CORD 

INSULATOR 
(THE FIBER BOARD) 

PRINTED- CIRCUIT BOARD 

POWER- LINE 
CONDUCTOR 

Conductors 

A conductor is a free-electron material which serves as a 
path for electric current. 

STRANDS OF 
COPPER WIRE 

CONDUCTORS 

SOLID COPPER 
WIRE 

WATER HOir 1' • 

Some materials are better conductors of electricity than 
others. The availability of more free electrons in silver and 
copper, for example, makes them better conductors than 
iron or steel. 
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Insulators 
An insulator is a material through which electric current 

will not flow easily; thus, an insulator may be used to sep-
arate conductors from each other. An insulator may also 
be a covering over each conductor, permitting two or more 
conductors to be positioned near each other without danger 
of current following an undesired path between the con-
ductors. In all cases, the insulator, to be effective, must 
present a path of high opposition to electron or ion flow. 

INSULATORS 

PLASTIC 
FUSE BOARD (FIBER) 

RUBBER COVERING GLASS 

Any insulator, however, will become a conductor of elec-
tric current if subjected to a sufficiently high voltage. This 
is true because of the atomic structure of all elements. The 
insulators in the following list will remain insulators under 
normal values of house voltage ( 120 volts). 

Conductors Insulators 

silver glass 
gold porcelain 
copper plastic 
lead rubber 
tin mica 
brass ice and snow (pure) 

aluminum nylon 
bronze bakelite 
nickel paper 
iron and steel wood 
cadmium paraffin 
graphite quartz 
mercury dry air 

Q15. With respect to the orbit zones, how should an 
atom in an insulator be constructed? 

Q16. With respect to the orbit zones, how should an 
atom in a conductor be constructed? 
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Your Answers Should Be: 

A15. Each atom should have completely filled orbit 
zones. 

A16. Each atom should be a free-electron type element. 

STATIC ELECTRICITY 

Static electricity is the production of a difference in elec-
trical charges between two materials as a result of friction. 
Rubbing one type of material against another, each of dif-
ferent orbit-zone construction, causes electrically charged 
particles to be transferred from one material to the other. 

CHARGING A BALLOON 

Lightning is an example of static electricity, and is the 
result of an accumulation of charges caused by friction 
between cloud layers or between clouds and the earth. When 
the charge becomes great enough, it breaks down the insu-
lating air. The resulting discharge produces the familiar 
lightning flash. 
The sparks that jump from your fingers to metal objects 

or to other persons is another example of static electricity. 
The sparks are the result of your body becoming charged by 
walking across a rug and discharging to an object having a 
neutral charge. 

CHARGING 

A CLOUD 

:32 
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Electrical Charge 

Electrical charge is founded on a basic electrical principle. 
The electron is considered to be a negative particle, and the 
proton is considered to be a positive particle. These are the 
two elementary electrical particles on which all other expres-
sions of electrical charge are based. 
An ion is another example of a negative or positive charge. 

Whether the ion is positive or negative depends on the num-
ber of electrons in the outer orbit and the number of protons 
in the nucleus. If the electrons outnumber the protons, the 
atom is a negative ion. If the protons outnumber the elec-
trons, the atom is a positive ion. It is very difficult to 
determine if a single atom is an ion, and whether it is posi-
tive or negative even after it has been found to be an ion. 
There are ways to measure the overall effect of an accu-

mulated charge. The most common method is with a meter, 
such as a voltmeter, ammeter, or a combination unit known 
as a multimeter. 

0-200 
VOLTS 

VOLTMETER 

0) 

AMMETER 
(CURRENT) 

AUTO DASH 

5V 10V 100V 

o 
COM. 5A 50A 

e 
MU LT I METER 

These devices indicate an approximate measurement of 
charges. Yet, these measurements are sufficiently accurate 
to serve as standards on which electrical and electronics 
personnel base their evaluations. 

Q17. The electron is a particle. 

Q18. The proton is a particle. 

Q19. What two factors determine whether an ion will 
be charged positively or negatively? 

Q20. How could you measure the overall effect of an 
accumulated charge? 
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Your Answers Should Be: 

A17. The electron is a negative particle. 

A18. The proton is a positive particle. 

A19. The number of electrons in the outer orbit and the 
difference in number between electrons and pro-
tons in the atom. 

A20. You can measure the overall effect of a charge by 
the use of a meter. 

Like and Unlike Charges 

Another principle on which all other concepts of electricity 
are founded is the fact that like charges repel and unlike 
charges attract. 

alnM /g 
+ 

CM> e EMI   + 
LIKE CHARGES UNLIKE CHARGES + 

REPEL ATTRACT 

A negatively charged body placed near a positively charged 
body produces a force of attraction between them. One body 
tries to contact the other in an attempt to neutralize, or 
balance, the charges. You can try a simple experiment to 
demonstrate this principle. Inflate a rubber balloon and rub 
it on your hair. (Make certain your hair is dry and clean.) 

BALLOON 

AND STATIC 

CHARGES 

Now place the balloon near a wall. The balloon clings to the 
wall because of the negative static charge it accumulated. 
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When a charged particle comes in contact with a neutral 
particle, the charge will be equalized (divided equally) 
between the two particles. If the original charge is great 
enough, both particles will then acquire a like charge and 
repel one another. This can easily be seen if a pith ball is 
given a negative charge and allowed to come in contact with 
a neutral pith ball. 

NEGATIVELY 
CHARGED 
PITH BALL 

NEUTRAL 
PIER BALL 

SWINGS 
TOGETHER 

TOUCH AND 
EQUALIZE 

(NOT NEUTRALIZE) 

You can perform another experiment using an electroscope 
to illustrate the principle of attraction and repulsion between 
static charges. 

What you will need to build an electroscope: 

1. One clear glass bottle (1 pint) and a rubber cork to fit. 

2. One metal rod, approximately 1/4 inch in diameter. 

3. Two thin pieces of aluminum foil (1 inch X 1/4 inch). 

EQUAL NEGATIVE 

CHARGES 

MICTMO5COM 

METAL ROD 

RUBBER CORK 

TIED WITH 
LENGTH 

OF THREAD 

FOIL 

A 1-PINT BOULE 

Q21. Why was the balloon attracted to the wall? 

Q22. What charge was left on your hair? 
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Your Answers Should Be: 

A21. Because the wall has a neutral charge and unlike 
charges attract one another. 

A22. A positive charge. 

Electroscope Demonstration 

Testing the electroscope: 

1. Rub a rubber comb with fur. 

2. Touch the metal rod with your finger. 

3. Touch the metal rod with the charged comb. 

4. The pieces of foil should repel one another. 

Next test : 

1. Touch the metal rod with your finger. 

2. Charge the comb using the fur. 

3. Bring the comb near the rod (do not touch the rod). 
Now touch the rod with a finger from your other hand. 

4. Remove your finger from the rod. 

5. Remove the comb from the vicinity of the metal rod. 

6. The foil strips should repel one another. 
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Forces Between Charged Objects 

You can visualize the effects of charged bodies on one 
another and on neutral bodies. First, what is the effect 
called which caused the foils to be repelled, or the pith ball 
to be attracted or repelled? The answer is force. How do 
you determine just how much force and what caused it to 
exist? The answer is charge. The amount of charge deter-
mines the amount of force. How can the charge be meas-
ured? Each object must be measured separately with respect 
to a neutral object. 

MEASURING CHARGE 

NEUTRAL 

NO CHARGE CHARGE 

Multiply the numerical value of charge on one object by 
the numerical value of charge on the other. The product 
gives the total charge. The greater the total charge, the 
greater is the force. 

MORE CHARGE— 

MORE FORCE 

14- 4-LARGE-0-1 
SMALL CHARGE CHARGE 

Q23. What is the charge condition on the metal rod and 
the comb at the completion of the first test? 

Q24. What is the charge condition on the metal rod and 
the comb at the completion of the second test? 
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Your Answers Should Be: 

A23. Equal and negative, because the comb took elec-
trons from the fur and transferred them to the 
metal rod. 

A24. The metal rod is negative because the comb re-
pelled electrons away from the tip of the rod and 
the excess positive charges were removed via the 
finger. The comb retains a negative charge. 

Does the distance between the objects have any effect on 

the force between them ? Yes. The greater the distance, the 
less effect one body will have on the other. 

STRONG 
WEAK 

C)4 REPELLING FORCE K)I 
REPELLING 
FORCE 

Less Distance—More Force 
There is one very important concept you must understand 

before the mathematical expression which fits all of these 
ideas can be determined. This concept states that the dis-
tance is not a direct measurement factor. For instance, if 
the distance is doubled between the two objects, the force 
effect between them will not be half as great, as might be 
expected, but only a fourth as great. Why is this? 
Consider the effect that only one charge has on the other. 

If this charge is moved twice the distance away from the 
other, it will have one half the effect as before. By the same 
reason, the other charge will have one half the effect as 
before. Therefore, one half times one half is one fourth. 
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Now that the reasoning has been established, take a look 
at the shorthand statement in a mathematical form. 

F Q1 times Q2 Qi X Q2 
d times d d2 

where, 

F is the force exerted between two charged bodies, 
(1, is the charge on the first body, 
Q is the charge on the second body, 
d is the distance between the two bodies. 

The force will be in dynes, if the Q's are given in electro-
static units and the distance is measured in centimeters 
(cm). An electrostatic unit is defined as the charge required 
to repel an equal charge 1 centimeter away, with a force of 1 
unit. The unit of force is the dyne. 
What is a dyne? First, what is force? One way of reason-

ing is to think of the effect you have on the speed of a toy 
wagon by pushing it. It requires more effort on your part 
to get it started. After it starts, you need only push with 
a small effort to keep it at a constant speed. What if the 
push against the wagon is always just as much as that with 
which you started? The speed of the wagon will increase 
and the force of your push must increase accordingly. The 
speed of the wagon and the force of your push will increase 
until the limit is reached where you cannot push any harder. 
At this point the force against the wagon decreases and the 
speed will no longer increase. If the pushing force decreases 
below the amount required for a steady speed, the wagon 
will slow down. 

Solve the following problems, using the force expression. 
•• • • • •••• ••:.,-...:••••• •• • 

• Q25. ? Q26. F:? 
Qi Qi 

d d 

Q27. 

Qi F:? d 

10cm 

Q2 

+50 

5cm 
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Your Answers Should Be: 

A25. F = (6 X 5) 100 = 0.3-dyne attraction. 

A26. F = (5 >< 10) ÷ 25 = 2-dyne attraction. 

A27. F = (20 >< 50) ÷ 100 = 10-dyne repulsion. 

A28. F = (5 >< 25) ± 25 = 5-dyne repulsion. 

Application of Force 

A dyne is the force required to cause a I-gram mass to 
travel a distance of 1/2 centimeter (cm) when the force has 
been applied for 1 second. If this same 1 dyne of force is 
continued for another second, the gram of mass will be 2 
cm from where it started. At the end of the first second it 
will be traveling at a speed of 1 cm per sec. At the end of 
the second second it will be traveling at a speed of 2 cm per 
sec. 

FOnCE - MM55-5PM 
• 

1 DYNE OF FORCE 

1/2 CM --0-1 

I 1 
F-4  1 SECOND -+"-- SPEED AT TH I S POINT WAS 

\ SPEED AT THIS POINT IS 1 CM PER SEC. 

1 
GRAM t-

I \ / N 

Lit  2 CM 
I..1 
 2 SECONDS  

\ SPEED AT THIS POINT IS 2 CM PER SEC. 

ZERO 

1 DYNE OF FORCE 

SPEED AT THIS 
POINT WAS ZERO 

A force of one dyne produces an acceleration of 1 centi-
meter per second per second on a 1-gram mass. 
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One gram of matter is the measurement of how much 
resistance a collection of matter offers to a change of motion. 
One dyne of force applied to a 1-gram mass results in the 
following speeds and distances traveled: 

TIME 
seconds 0 1 2 3 4 5 6 7 

SPEED 
cm per sec. 0 1 2 3 4 5 6 7 

DISTANCE 
centimeters 0 1/2 2 41/2 8 12 1/2 18 241/2 

Graphical Representation of Forces 

There are many methods used to represent the force be-
tween two charged bodies. These methods attempt to make 
the idea of force between the two bodies easier to under-
stand or visualize. The following diagram is. not one of the 
classical representations. Instead it emphasizes the poten-
tial difference from one plate to the other. Notice that the 
force is equally distributed throughout the entire area be-
tween the two plates. 

FORCE EXERTED BY TWO CHARGED BODIES 

PLATE 1 PLATE 2 

TWO CHARGED BODIES 

Q29. What is the electrostatic unit of force? 

Q30. One -- — — is the force required to cause a one 
____ mass to travel a distance of 1/2  — — when 
the force has been applied for one  
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Your Answers Should Be: 

A29. The dyne. 

A30. A dyne is the force required to cause a one-gram 
mass to travel a distance of 1/2 cm when the force 
has been applied for one second. 

Electric Fields 

In addition, there are other potential differences existing 
between imaginary points located somewhere between the 
two charged plates. 

All B1 
é 

P 1 
f 1 

P 2 

POTENTIAL DIFFERENCE BETWEEN CHARGED PLATES 
Because of the distance between P, and 132 and the amount 

of charge on each, there is a specific force between the two 
plates. The force in this case is an electrical attraction of 
one plate to the other. 

If a charged particle is placed at point A1, a force acts on 
the particle. For example, an electron placed at point A1 
would be urged toward plate Po. Similarly, a force acts on 
a charged particle placed at point B, or any other point 
between the two charged plates. In the case of two parallel 
charged plates, the amount of force acting on a charged 
particle is the same for any position of the particle between 
the plates. 
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The region around the charged body is referred to as the 
electrostatic field of force. The lines represent the path a 
free electron would follow. 

UNLIKE Etireneogrdre 
/wee 

LIKE COMPOSITE 

This area therefore contains electrostatic lines of force 
between two charged bodies. There is an electrostatic field 
around each charged body. When two positively or two 
negatively charged particles are placed near each other, 
their electrostatic fields repel each other. However, when a 
positively charged particle is placed near a negatively 
charged particle, their electrostatic fields attract each other. 
Like charges repel, and unlike charges attract. 

Q31. What two factors must be considered in determin-
ing the force exerted between two charged bodies? 

Q32. The area surrounding a charged body is called 
a(an)   

Q33. Like charges , and unlike charges 

• 
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Your Answers Should Be: 

A31. The distance and the potential difference between 
the two charged bodies. 

A32. The area surrounding a charged body is called an 

electrostatic field of force. 

A33. Like charges repel, and unlike charges attract. 

ELECTRIC CURRENT 

Electric current is the movement of electrical charges 

from one location to another. This is normally considered 

as the flow of current (electrons) through a conductor. It 

can also be the movement of charged particles through a 

battery or any other electrical component. 

Even lightning is the result of the movement of charges 

from one location to another. It is ion movement, primarily, 

with positive ions moving in one direction at the same time 

negative ions are moving in the opposite direction. The 

movement is very fast and involves a tremendous number 

of ions. This results in a very intense light which is the 

result of a high concentration of forces discharging from 

one cloud to another, or from a cloud to the earth, and 

causing a large number of ions to flow. 
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/ OF CHARGESO \ 

ee 
00 

„C) CLOUD 00 
Lt),-., • 

0 àf 
POSITIVE NEGATIVE 

Lightning 

ION MOVEMENT 

CONCENTRATION 
/ OF CHARGES \ 

® CLOUD ° 
OGG t;) 

10 

POSITIVE NEGATIVE 

o 

Moving Charges 

Charges in motion, then, are actually the movements of 
either free electrons or ions from one location to another. 
This constitutes current flow, or electric current. Some peo-
ple describe the electrical flow of charges in terms of the 
electron theory and others describe electrical flow in terms 

of ions. Those that propose current to be a flow of elec-

trons employ the electron-current theory. When current is 
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considered to be positive ions, the theory explaining its flow 
is called conventional current flow. 
Current is defined as the movement of electrons through 

a conductor. Current is also the movement of ions through 
a material. The most important factor you must remember 
from discussions on the subject is the application of elec-
tron and conventional current theories. 

Electron Current Theory 

Electron current is said to flow through a circuit when 
electrons are repelled by the negative terminal of a voltage 
source and are attracted by the positive terminal. Inside 
the source, electrons travel from positive to negative. 

ELECTRON CURRENT FLOW 

Conventional Current Theory 

When current is explained as leaving the positive terminal 
of a source and flowing through a circuit to the negative 
terminal, the conventional current-flow theory is being used. 

CONVE.NTIONAL 
CURRnT FLOW 

Q34. Why can't electron current he the only theory 
employed? 

Q35. Will the movement of negative ions produce the 
same electrical effect as the movement of electrons? 

Q36. Can electrons be in motion from atom to atom 
in the opposite direction to the motion of positive 

ions? 

Q37. Can both negative and positive ions be in motion 
when current is said to flow? 
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Your Answers Should Be: 

A34. Because the movement of electrons can create ions 
which will also move. 

A35. Yes. The negative ions will be caused to move by 
the same force that moves the electrons. 

A36. Yes. The same force which causes positive ion 
motion in one direction has exactly the opposite 
effect on the electron. 

A37. Yes. This will be clearly demonstrated later in 
this chapter. 

Current Units and Symbols 

Just as there are measurement units for height, weight, 
time, force, etc., there is also a measurement unit for cur-
rent. If this were not true, you could not measure current, 
determine current from other known factors, or describe a 
quantity of current to others. The unit of measurement for 
current is called an ampere. 
An ampere is the effect of 6,250,000,000,000,000,000 elec-

trons passing any point in an electrical circuit in 1 second. 
It is easy to remember this number as 6.25 million, million, 
million electrons, which can be written as 6.25 MMMe. It is 
difficult to use such a figure continuously, so the term cou-
lomb is used in its place. That is, a coulomb is 6.25 million, 
million, million electrons. 

To measure electric current in a circuit, you must measure 
how many charged particles pass any point in the circuit 
per unit of time. The shorthand symbol assigned to repre-
sent current is I. 

CURRENT-METER SYMBOLS 

I IS EQUAL TO A NUMBER OF AMPERES 
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An ampere is the standard unit of measure for current 
(I) in a circuit. However, there are methods for describing 
very small or very large currents. 

Magnitude or Strength of Current 

Feet and inches are smaller units than yards, a measure-
ment of length. The measurement unit for current, an 
ampere, can likewise be subdivided. A milliampere, for 
example, is 1/1000 (one thousandth) of an ampere. A 
microampere is 1/1,000,000 (one millionth) of an ampere. 
Amp, milliamp, and microamp are accepted abbreviations of 
ampere, milliampere, and microampere. 
An ammeter often employs the smaller units of current 

measurement. Meters must be capable of measuring differ-
ent values of current and, in some cases, revealing the direc-

tion of current flow. 
An ammeter is a device having scales calibrated in 

amperes, milliamperes, or microamperes, used for measuring 
the total current flow in a circuit. 

RED LAMP LIGHTS 
WHEN NOT CHARGING 

"ere 

AMMETER 

IIMPE/if 

lAiveledrafe 
Q38. The unit of measure for current is the  

Q39. A (an)  is 6.25 MMM electrons. 

Q40. The shorthand symbol for current is 

Q41. How can you measure the current in a circuit? 

Q42. What is an ammeter? 

Q43. How should an ammeter be connected to a circuit? 
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Your Answers Should Be: 

A38. The unit of measure for current is the ampere. 

A39. A coulomb is 6.25 MMM electrons. 

A40. The shorthand symbol for current is I. 

A41. You can measure the current in a circuit with an 
ammeter. 

A42. An ammeter is an electrical device, having scales 
calibrated in amperes or portions of an ampere, 
placed in an electrical circuit in such a manner as 
to indicate how much current is flowing. 

A43. It must be placed in the circuit so as to monitor 
all of the current in the circuit. 

Current Measurement 

An ammeter in an automobile indicates both minus and 
plus charges (amperes). If the meter indicates minus, the 
auto is using electrical power from the battery. If the meter 

AMMETER 

INA 

CIRCUIT 

ON 

indicates plus, the auto is getting electrical power from the 
generator and, at the same time, the battery is being 
charged. Therefore, a minus meter reading indicates the 
battery is being used, and a positive meter reading indicates 
the battery is being charged. Before the days of long trips 
and dependable voltage regulators on the automobile, the 
operator had to watch the ammeter very closely. 
The reason for the close observation was not only to 

insure a well-charged battery for starting purposes, but also 
to prevent an overcharge of the battery. Overcharge could 
damage the battery, and undercharge could require manual 
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cranking or a push to start the engine. Even close observa-
tion was not entirely satisfactory because it was a hit-and-
miss arrangement, and did not give the accuracy required 
for long life and good dependability. Thus, the voltage reg-
ulator was developed, and man did not have to know quite 
so much to operate his "horseless carriage." The automo-
bile mechanic, however, had to know more and more about 
electricity. 
The requirement for electrical knowledge by a mechanic 

is even greater today. Electrical devices in the automobile 
are becoming more complex. This means a mechanic must 
be better qualified in the use of electrical tools, electrical 
systems, and the fundamental knowledge of electricity so 
that he can identify maladjustments, failures, and any num-
ber of other problems which need his attention if the auto-
mobile is to perform properly. The use of an ammeter is 
important to many others, for the automobile is only one 
application of electrical devices. 
Ampere symbols and their meanings are shown below. 

Current Designation Meaning 

1 symbol for current 

1 ampere (amp) 1 coulomb per second 

1 milliampere (ma) 1 ampere 0.001 amp = 
1 ,000 

1 microampere (sa) 
1 ampere = 0.000001 amp 

1,000,000 

Q44. How much current is indicated on the following 
meters' 

AMPERES 

A 
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Your Answers Should Be: 

A44. (a) +4 amps (b) —15 ma (c) +70 ¿La 

VOLTAGE 

Electrical pressure required to move current through a 
circuit is called voltage. It is the accumulation of negative 
electrical particles on one terminal with respect to positive 
electrical particles on the other terminal of a voltage source. 
It is the force that causes the movement of electrical par-
ticles through a circuit. Voltage, as a pressure, is often 
called electromotive force. 

Electromotive Force 

The abbreviation for electromotive force is emf. This is 
the force which causes electricity to flow when there is a 
difference in electrical charge between two terminals. 

Potential 

Potential is another term associated with electrical pres-
sure, emf, and voltage. All of these terms are used inter-
changeably. The term potential generally denotes, however, 
that voltage (emf or pressure) is available but not neces-
sarily being used to cause current flow. Voltage may be 
described as a potential drop, potential difference, or voltage 
potential. 

1-4--1 VOLT -0-1 

e— 9— 9— 
e— 0— 9- 4' 

1 AMP IIMIIMM> 

E_ 2 VOLTS 
1 VOLT-b+.1--1 VOLT 

9— 9— 0- t1 e— 9— 0-
9— 9— e— 19— 9— 9-

1 AMP milli> 

VOLTAGE POTENTIAL 

+ 

You can see that current will be the same through a con-
ductor (with a specific voltage applied) as it is through a 
similar conductor twice as long but with twice the voltage 
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applied. In each case, you could describe the voltage applied 
as a potential difference between the two ends of the con-
ductor. What happens if the conductor is twice as long and 
the same potential difference is applied? 
As in the previous illustration, the conductors are of the 

same material and cross-sectional area. The second con-
ductor is twice the length of the first and thus offers twice 
as much material for current to flow through. Twice the 
length of material means that current will encounter twice 
as much opposition. 

1 VOLT 

J/ A 
1 AMP 

En> 

1 VOLT 

1 ()I.T 1)11 IsION 

• /ee)»;))77", 
112 AMP 
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Voltage Definition 

Voltage is electrical pressure. It is the force which causes 
current to flow. Voltage can be described as the potential 
difference between any two points. 

Voltage Units and Symbols 

The standard unit of measurement for electrical pressure 
is the volt. The volt may also be described in smaller or 
larger units. These other units are used for convenience of 
expression in the same manner that milliamps and micro-
amps are used to define small quantities of current. 
E is the letter symbol for voltage, and is used to represent 

pressure in volts when working with electrical circuits. 

Q45. Electrical pressure is called   • 
Q46. The unit of measure for electromotive force (emf) 

is the 

Q47. What is voltage? 

Q48. When 1 volt is applied across a 1-inch conductor, 1 
amp of current is produced. How much current 
will flow if 1 volt is applied across a 2-inch con-
ductor of the same material? 
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Your Answers Should Be: 

A45. Electrical pressure is called voltage. 

A46. The unit of measure for electromotive force (emf) 
is the volt. 

A47. Voltage is the force that causes current to flow. 

A48. Only 0.5 amp of current will flow. 

Comparison of Voltage and Current 

There are many values of voltage and current. For exam-
ple, voltages in a flashlight range from 1.5 to 9 volts or 
higher; corresponding current in flashlights varies from a 
few ma to 2 amps. Voltage in an automobile may be 6 or 
12 volts; current varies from a few ma for small lamps to 
several hundred amps for the starter. Voltages in a home 
vary from 16 to 440 volts, depending on where you live and 
what electrical devices are installed; and currents range 
from a few ma to 20 amps or more. 
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CHEMICAL VOLTAGE SOURCES 

There are many ways to produce electricity, but there are 
only six fundamental methods used to change another form 
of energy into electrical energy. Five of them are shown 
below. 

VOLTAGE SOURCES 

CHEMICAL 
(BATTERY CE-L) 

PLATES 

nMOVING WIRES THROUGH 
A MAGNETIC FIELD 

ELECTROLYTE 

MAGNETISM 
AND MOTION 

HEAT 
(THERMOCOUPLE) 

COPPER 

TWISTED WIRES 

IRON 

HEAT 

iCRYSTAL) PRESSURE 

ELECTRICAL OUTPUT 

VARIABLE PRESSURE 

HI-FI CARTRIDGE 

A battery or cell is a voltage source in which chemical 
action is used to develop a voltage potential. The cell is 
the basic unit. A battery consists of two or more cells 
placed together, end to end. For practical, uniform applica-
tion, a dry cell is considered to be a 1.5-volt source. A 
lead-acid cell is a 2-volt source. 

Q49. What is the method of producing electricity not 
shown above? What is it called? 
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Your Answer Should Be: 

A49. The other method is friction. It is called electro-
static electricity. 

The Dry Cell 

The most common form of a cell is the flashlight cell. The 
most common form of a battery is the automobile battery. 

The cell is made with an outside protective covering which 
is an electrical insulator and, at the same time, is a mechani-
cal support for all the other elements. Within this outer 
shell there are two electrodes separated and surrounded by 
an electrolyte. An electrolyte is any substance which, in 
solution, breaks down chemically into ions, thus allowing 
electric current to flow through it. 

SULPHURIC ACID AND WATER 

ELECTROLYTE 

A SIMPLE CELL 

ZINC COPPER 

The electrodes are generally made of two unlike metals. 
Ionization of the electrolyte causes current to pass between 
the two plates, or electrodes, in such a manner as to charge 
one positively and the other negatively. 

CURRENT FLOW 

IN THE CELL 
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The dry cell is the most common type of DC-voltage 
source. It is constructed with an outside shell of zinc, a 
center rod of carbon, and a paste form of electrolyte which 
is a solution of ammonium chloride. 

Cutaway View of a Dry Cell 

METAL CAP 

PAPER 
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(POSITIVE POST) 

FILLER-GRANULATED 
ZINC CASE 11 CARBON AND 
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The zinc and the electrolyte are gradually "used up" as 
the dry cell supplies electricity. A dry cell is called a pri-
mary cell for this reason. The consumption of material in 
the cell is a result of chemical action between the zinc and 
the electrolyte. When the zinc case and the electrolyte 
have been used for some time, the chemical action which 
created the ion movement will decrease to a point where 
the cell is considered run-down (discharged). 

Q50. How does a cell produce voltage and current? 

Q51. How would a dry cell be affected if the center rod 
were made of zinc and the outer shell of carbon? 

Q52. How would a battery of 9 volts be constructed 
using dry cells? 

Q53. What advantage is there to connecting the termi-
nals of two cells in parallel ( positive to positive, 
negative to negative)? 

Q54. Why is a simple cell considered a primary cell? 

Q55. How many lead-acid cells are in a 12-volt car 
battery? 

Q56. If it takes the same amount of power ( I >< E) for 
the starter to turn the engine in an automobile, in 
which system ( 6-volt or 12-volt) would more cur-
rent have to be furnished to the starter motor? 
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Your Answers Should Be: 

A50. By chemical action. 

A51. The cell would use the zinc more rapidly than in 
a normal cell. 

A52. A 9-volt battery consists of six 1.5-volt dry cells 
in series. 

A53. Two cells in parallel provide the same voltage but 
supply twice as much current as a single cell. 

A54. A simple cell is a primary cell because it is used 
up over a period of time or arrives at a condition 
where there will be no more chemical action 
between the zinc and the electrolyte. 

A55. A 12-volt car battery contains six lead-acid cells. 

A56. A 6-volt system would have to furnish more 
current. 

When a dry cell is discharged, it must be replaced. There 
are some discharge conditions in which a cell can be re-
charged, but these are very unreliable. 

AIR VENT VENT PLUG 

A 

LEAD-ACID 

CELL 

POSITIVE SEDIMENT WOOD NEGATI VE 
PLATES SPACE SEPARATOR PLATES 

The Lead-Acid Cell 

The lead-acid cell is the type used in an automobile bat-
tery and has a normal output of approximately 2 volts. 
Since it can be recharged, a lead-acid cell is called a second-
ary cell. 
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A lead-acid battery must be constructed of a material that 
will not be eaten away by the highly corrosive electrolyte. 
For this reason, rubber or glass is normally used for the 
case that contains the cells and solution. 

Maintenance Precautions 

The maintenance of lead-acid cells requires the observance 
of certain safety and maintenance precautions to prevent 
injury and damage. Reasons for such care include: ( 1) 
the presence of dangerous sulphuric-acid electrolyte that will 
eat through clothing and skin, (2) generation of explosive 
fumes while battery is charging, (3) build-up of corrosion 
on connections and vent caps. 
The level of the electrolyte must be checked regularly to 

insure maximum effectiveness of the cell. This is a very 

NON-CONDUCTOR ,447 CONDUCTOR 

t. are/Rolm 
AMMONIUM CHLORIDE 

Re-4- WATER ADDED 
TO POWDER 

POW DER SOLUTION 

important monthly check for the automobile battery. If the 
electrolyte is permitted to get too low, the battery may 
become permanently damaged. The following is a list of 
items to be used when taking care of this type of battery: 

1. A recording ledger listing each cell, the charge condi-
tion and date, electrolyte added, and the visual con-
dition. Used as a maintenance history and to indicate 
changes in cell condition. 

2. A cleaning brush, cleaning cloth, baking soda, and 
water. To remove corrosion on terminals and case. 

3. White petroleum jelly to cover the terminals after they 
are cleaned and reconnected. Used to retard corrosion. 

4. Charging equipment consisting of a battery charger, 
charge-rate meter, hydrometer, and an area separated 
from normally occupied areas so that a NO SMOKING 
rule may be observed. 

Q57. What is the difference between a cell and a 
battery? 
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Your Answer Should Be: 

A57. A battery is a combination of cells connected in 
series to form a voltage source. 

The care of the lead-acid cell when it is in use or when 
it is being recharged requires special precautions. 

1. Clean the battery or cell to remove corrosion. Coat the 
terminals with petroleum jelly to insure continued good 
connections. 

2. Be careful when handling the battery to prevent spill-
ing the electrolyte and to prevent internal damage to 
the plates. Remember that acid will cause serious burns 
and will develop a highly explosive atmosphere in a 
closed room. 

A storage battery must be checked occasionally to see if 
it is charged properly, has sufficient electrolyte, is free of 
corrosion, and has clean tight connections. A hydrometer is 
a device commonly used to check the condition (specific 
gravity) of the electrolyte. In this way the condition of 
charge can be determined. 

HOLLOW RUBBER BULB 
A HYDROMETER 

1.000 1.200 1.300 
11.050 11.2501 

_   
HARD RUBBER 

FLOAT WEIGHTED RUBBER HOSE 
GLASS CASE AND CALIBRATED 

If the hydrometer reading is 1.210 to 1.220, the cell has 
a full charge. If the reading is 1.180 or less, the battery 
needs to be charged. If the reading is as low as 1.060, the 
battery is completely dead. A battery will rarely have the 
same reading for all cells. When using the hydrometer to 
check the battery, always keep the small tube or tip over 
the cell being checked so the electrolyte will drip back into 
the cell. After using the hydrometer, rinse it with water to 
remove any acid. 
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A dry cell should be purchased with a degree of caution. 
Even in storage, a dry cell will run down because of the 
chemical action of its components. 
A quick method for checking an automobile battery is to 

try the horn. If the battery is weak, the sound of the horn 
will be weak. If a battery is being run down, recharged, run 
down, recharged again and again, its electrolyte level must 
be checked often. If a starter motor seems overly sluggish 
on cold mornings and the battery is known to be charged 
and in good condition, then all connections and cables should 
be checked. Many cars have been towed into a filling station 
or garage only to have a mechanic tighten a loose bat-
tery cable. When removing an auto battery, always remove 
the ground cable first. This will permit the use of metal 
tools. If the ground cable is removed first, the battery will 
be disconnected from the electrical circuit. Second, remove 
the "hot" side. This side will have no way of discharging 
to ground through a metal wrench if the ground post has 
had all connections removed first. When replacing the bat-
tery, attach the hot side first, then the ground cable. Making 
the ground connection last prevents arcing to the metal 
chassis of the auto during connection of the hot side. 

REMOVING AND INSTALLING A CAR BATTERY 

REMOVE GROUND THEN REMOVE REPLACE "HOT' 
BRAID FIRST "HOT" CABLE CABLE FIRST 

THEN REPLACE 
GROUND BRAID 

Q58. What action takes place that causes a dry cell to 
run down on the shelf? 
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Your Answer Should Be: 

A58. Chemical action takes place within the cell even 
without a load. 

MAGNETIC VOLTAGE SOURCES 

Electricity can also be generated by moving wires through 
a magnetic field. Also, electricity may be produced by mov-
ing the magnetic field through a number of wires. 

MAGNET1S11 1\11 11 11111, 1 

DIRECTION OF MAGNETIC FIELD 

THE DIRECTION OF THE MAGNETIC FIELD IS DETERMINED BY 
USING THE LEFT HAND RULE 

POINTS IN IN 
DIRECTION 
OF CURRENT 

OR FOR A COIL 

N 

THUMB POINTS IN 
DIRECTION OF 
MAGNETIC FIELD 

INDICATES DIRECTION 
OF MAGNETIC FIELD 

FINGERS POINT IN DIRECTION OF ELECTRON FLOW THROUGH WIRE. 

To determine which way current will flow as a result of 
motion between a magnetic field and a wire, apply the lef t-
hand rule. This rule will determine direction of current flow 
according to the electron theory. If the conventional cur-
rent-flow theory is followed, use your right hand instead. 
Lines of force leave the north magnetic pole and enter the 
south pole. 
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The amount of current which can be generated by using 
magnetism and mechanical motion depends on several fac-
tors. One factor is the number of magnetic lines of force 
being cut. The greater this number, the greater the current 

DIRECTION OF CURRENT FLOW 
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MOTION 

CONDUCTORS 

DIRECTION OF 
MOTION OF 
CONDUCTOR 

DIRECTION OF 
ELECTRON FLOW 

DIRECTION OF III 
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/ FORCE 
DIRECTION OF 

MOTION OF CONDUCTOR 
THROUGH MAGNETIC FIELD 

will be. Another factor is the speed at which the lines of 
force are cut by the wires. The faster the relative motion 
between the two, the greater the force generating electron 
flow will be. Finally, the greater the number of wires cut-
ting through the magnetic field, the greater will be the 
number of electrons that flow. 

Q59. In which direction will the electrons flow in the 
following diagram? 

SOUTH POLE 
ROTATING DI SK 

CONNECTING 
CORE 

CONDUCTORS 

OUTPUT 

Q60. Will an automobile generator produce more elec-
tricity when the car is traveling at 60 mph or at 
20 mph? 
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Your Answers Should Be: 

A59. Left to right. (The effective direction of motion 
of the conductor is opposite to the direction of 
motion of the magnetic field.) 

A60. The generator produces more electricity at 60 
mph than at 20 mph. 

HEAT-GENERATED VOLTAGES 

Heat can be used to produce electricity by joining two 
different metals, heating the junction, and taking the out-
put at the cooler end. Such a device is called a thermocouple 
generator. 

CHROME L METAL 

HEATED 
JUNCTIOh 

The thermocouple has many low-power applications. One 
such example is the radio-frequency current meter in the 
antenna circuit of a transmitter. 

COPPER 
WIRE 

A THERMOCOUPLE 
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A thermocouple produces an amount of voltage which is 
determined by the temperature difference between the two 
ends. The higher the difference, the greater the voltage. 

THERMOCOUPLE APPLICATIONS 

 ,ep4 

0 00 
::<») 

TRANSISTOR RADIO 

COAL MI NER'S 
LAMP 

Other applications for a thermocouple are in low-power 
devices such as small transistor radios and carbide lamps 
used by miners and hunters. A mixture of carbide and 
water produces a gas that will burn. The flame from a car-
bide burner heats the junctions of several thermocouples. 
The cooler ends are connected in series and produce a voltage 
which is then used to light an electric lamp. 

A THERMOCOUPLE 

GENERATOR OUTPUT 

I HEAT 

How can you make a thermocouple? One way is to twist 
the ends of an iron and a copper wire together. Heat the 
twisted junction over a flame. If the free ends are connected 
to a milliameter, a small current reading may be observed. 

Q61. Recalling the effect heat had on freeing the elec-
trons in atoms, will the selection of thermocouple 
metals determine how much current will flow? 

Q62. If electrons flow from one type of metal to the 
other in a thermocouple, is the current DC or AC? 
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Your Answers Should Be: 

A61. Yes. A62. DC. 

LIGHT-GENERATED VOLTAGES 

A solar cell uses light to produce electricity. This device 
produces only very small amounts of voltage and current. 
Light striking certain materials causes electrons to move 
and develops a voltage at the terminals of the material. A 
photoelectric cell develops a voltage in a similar manner. 

PRODUCING ELECTRICITY WITH LIGHT 
SELENIUM ALLOY COLLECTOR 

IRON LENS 
-4--

LIGHT 
-4-
RAYS 

SOLAR CELL 

OPENING IN 
COATING 
FOR LIGHT 

PHOTOELECTRIC CELL 

SELENIUM 

ALLOY 

The photoelectric cell is often called a PE cell. A PE cell 
has many uses where a light beam can be broken, such as 
the automatic foul-line indicator on a bowling alley. Another 
application is an automatic lamp control. Here the PE cell is 
mounted so light from the sun will cause it to conduct and 
energize a relay. The energized relay turns the lamp off. 

o 
110V 
o  
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Selenium, used in solar and photoelectric cells, contains 
atoms that give up free electrons when struck by light. If 
iron is used as backing, the selenium will emit electrons into 
the iron. This will cause the iron to take on a negative 
charge, and the selenium to take on a positive charge. Wires 
connected to the two metals form the electrical source 
terminals. 

In the solar cell, electrons travel from the selenium to the 
iron through their common bond. In the photoelectric cell, 

electrons move from the selenium through an evacuated 
area within the bulb to a center post. 

Bonding, as used in a solar cell, is a common procedure 
employed in the electronics field. The bond is an electrical 
union similar to an electric weld. In fact, it is a bond created 
by a high current which causes the iron and the selenium 
to ionize and fuse together. When metals ionize they become 
very hot, just as in electric welding. Ionizing, as you recall, 

is the production of ions. 
The vacuum bulb of the PE cell is the same type of evac-

uated bulb as that used for the electric light or the electron 
tube. The purpose of the vacuum is to allow electrons to 
travel from one location to another with a minimum of oppo-
sition from particles within the device. Air, for example, 
contains many millions of tiny particles which would hinder 

the flow of electrons. 
The output of photoelectric and solar cells is very small. 

Therefore, the device which they control must require only 
a small amount of current. If they are to control larger 
objects, some form of electrical amplification must be used. 
The amount of voltage (or current) developed by these cells 
depends on the amount of light striking the selenium. 

Q63. Electricity is generated in the PE cell through the 
electron-releasing action of  . 

Q64. When   strikes selenium, selenium gives 
off . 

Q65. A(an)  allows electrons to travel with a 
minimum of opposition. 

Q66. The output of a PE cell is very (small, large). 

Q67. The voltage output of a solar cell is   
with more light and ---- with less light. 
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Your Answers Should Be: 

A63. Electricity is generated in the PE cell through 
the electron-releasing action of selenium. 

A64. When light strikes selenium, selenium gives off 
electrons. 

A65. A vacuum allows electrons to travel with a mini-
mum of opposition. 

A66. The output of a PE cell is very small. 

A67. The voltage output of a solar cell is greater with 
more light and less with less light. 

PRESSURE-GENERATED VOLTAGES 

Crystals of certain kinds produce electricity when pressure 
is applied to them. A crystal phonograph pickup is of this 
nature. It consists of two metal plates separated by a crys-
tal, and a needle which is vibrated by the wavy variations 
in the groove of the record. These vibrations cause the 
crystal to be alternately squeezed and released, developing a 
small voltage across the terminals. 

METAL 
PLATE 

CRYSTAL 

METAL PLATE 

NEEDLE CAUSES CRYSTAL TO VIBRATE 
(CHANGE SHAPE) AND 
PRODUCE ELECTRICITY 

The crystal most commonly employed for this form of 
electrical generator is Rochelle salt. 

Crystal 
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The ability of these crystals to produce a voltage when 
subjected to mechanical stress is called the piezoelectric 
effect. Conversely, when a voltage is applied to such crys-
tals, a mechanical stress is produced. 

Q68. How does the amount of electricity produced by 
a crystal compare with the amount of pressure 
applied? 

Q69. How does sound produce electricity in a sound-
powered phone system? 
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Your Answers Should Be: 

A68. The greater the pressure is, the greater the 
voltage. 

A69. The pickup element (mouthpiece) transfers the 
sound-generated vibrations to a crystal. Thus, 
electricity is produced. The resulting current is 
carried by conductors to the earpiece. The ear-
piece changes the electricity back into sound. 

RESISTANCE 

The amount of current flow in a circuit is determined by 
how much voltage is applied and how difficult it is for cur-
rent to flow. Resistance is the term used to describe the 
opposition offered to the flow of current. 
How easily current will flow in a conductor depends on the 

number of free electrons available in a given area of the 
material. The longer the wire, the more resistance it has. 

Longer -1 VOLT - 

Conductor— in* 
More 
Resistance 

1 UNIT OF RESI STANCE 2 UNITS OF RESISTANCE 

At the same time, the larger the diameter, the less resistance 
a wire has. 

1 VOLT 
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 1 
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Computing Resistance of a Wire 
The resistance of a wire can be determined as follows: 

Wire resistance is proportional to length  
area (cross-section). 

A wire 1,000 feet long will have twice the resistance of a 
500-foot length having the same cross-sectional area. If 
both are the same length, a two-inch diameter wire will 
offer one-fourth as much resistance as a wire with a one-inch 
diameter. 

Since the specific resistance of metals used as conductors 
can be determined, the preceding statement can be rewritten 

as a formula: 

L 
A 

where, 

R is the resistance in ohms, 
p (Greek letter rho) is the specific resistance of the mate-

rial per circular mil-foot, 
L is the length in feet, 
A is the cross-sectional area in circular mils. 
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A circular mil is used as a unit instead of square inches to 
measure cross-sectional area of a wire. Circular mils can be 
determined by squaring the diameter (in mils) of a wire. 
A mil is 0.001 of an inch. 

If the above wire had a diameter of 0.06 inch, the area 
(A) would be (60 mils) 2, or 3,600 circular mils. If the diam-
eter was 0.6 inch, A would equal (600 mils) 2, or 360,000 
circular mils. If the two wires were of equal length, the 
second wire would be able to conduct 100 times more cur-
rent, or offer 100 times less resistance, than the first wire. 
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Specific Resistance 

The value of rho (p), the specific resistance of a conduct-
ing material, is expressed in ohms per circular mil-foot. The 
table below provides the specific resistance for several con-
ducting materials. The ohmic values are given at 68°F. 
Values will be slightly higher at higher temperatures. 

SPECIFIC RESISTANCE (p) 

Material Ohms per 
circular mil-foot 

Silver 9.796 ohms 
Copper 10.370 ohms 
Aluminum 16.060 ohms 
Tungsten 33.220 ohms 
Nichrome 660.000 ohms 

Using this information, what is the resistance of 1,000 
feet of copper wire having a diameter of 0.1 inch? This 
diameter is approximately the size of # 10 electrical wire 
used for some applications in home wiring. 

R = p 

p = 10.370 (from table) 

L = 1,000 feet 

A = 10,000 circular mils (100 mils squared) 

1 000 R = 10.370 ><  ' — 10.370 >< —1 = 1.037 ohms 
10,000 10 

Unless the diameter of a wire is extremely small, its 
length very long, or its specific resistance high, the resist-
ance of a conductor in a circuit is usually not considered. 
Therefore, unless stated otherwise, conductors will not be 
considered as part of the circuit resistance in problems given 
in this text. 
However, care should be exercised in selecting the size of 

a wire in circuits where current may be high. For example, 
#12 (electrical gauge size) copper wire normally used in the 
home has a safe current-carrying capacity of only 20 amps. 
Higher current will cause it to develop too much heat. 
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Valve Analogy 

A valve used in the water system of a home is an example 
of resistance. When the valve is closed, water does not flow. 
If it is slightly open, a very small amount of water flows. 
The valve presents opposition (resistance) to the flow of the 

water. Even when the valve is completely open, less water 
will flow than if the valve were replaced with a pipe. 

Will a large water pipe let more water flow than one of 
smaller diameter if the same amount of water pressure is 
applied? The answer is yes. By the same reasoning, a large 
wire will let more current flow than a small wire. 

Will the length of the water pipe have any effect on the 
amount of water that flows out of the end? Yes. The longer 
the garden (lawn) hose you connect to the outside water 
valve, the less water pressure there will be at the end of 
the hose. Why is this? It is because the inside wall of the 

hose offers resistance to the flow of water. 
As water travels through the hose, the water molecules 

rub against the side of the hose. The water molecules have 
motion but the hose does not, so the movement of the mole-

cules is retarded. Slowing down the outer molecules also 
causes adjacent water molecules to decrease their speed. If 
the hose is of greater diameter, the center system of water 
molecules is less affected by the stationary outer wall. 

Size of a wire has a similar effect on electron flow. A 
conductor of large diameter provides an easier (roomier) 
path for current than a conductor with a smaller diameter. 

Factors Affecting Resistance 

The length and the cross-sectional area of a conductor 
determine how much resistance is in the circuit. Other 
things, such as the kind of material, temperature, and kind 
of electricity (AC or DC), also determine the resistance. 

Q70. Given a wire with a cross-sectional area of 2 cir-
cular mils and a length of 4 feet, and another wire 
with a cross-sectional area of 1 circular mil and a 
length of 2 feet, which wire will have the lesser 

opposition to current flow? 
Q71. What is the difference between the resistance of a 

conductor and the resistance of an insulator? 
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Your Answers Should Be: 

A70. They will have the same opposition to current. 

---\ 

4   --1 

A71. The conductor has a very low resistance to cur-
rent flow, and the insulator has a very high 
resistance to current flow. 

Resistance Units and Symbols 

The standard unit of measurement for resistance is the 
ohm. One ohm of resistance in a circuit limits current to 1 
ampere when 1 volt of electrical pressure is applied. 
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The symbol for the ohm is the Greek letter, omega. The 
uppercase omega (a) is used to represent ohm. The amount 
of resistance in a circuit is designated by a number of ohms. 
The letter R is the letter symbol for resistance. It is used 

to identify resistance in electrical diagrams and as a math-
ematical symbol in electrical equations. 

Resistance units have several values which are similar to 
those for voltage and current. 

Resistance Designation Meaning 

1 ohm (a) unit of resistance 
1 kilohm 1 Ka = 1,000 a 
1 megohm 1 Ma = 1,000,000 a 

1 milliohm 1 mil = 0.001 a 
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FIXED RESISTOR 

Resistors and Resistive Components 

Resistance is not limited to conductors alone. Electronic 
components, called resistors, are manufactured to have a 
specific amount of resistance. Many resistors of several 
values are used in radios and TV sets. Also, there are 
many applications for resistors in commercial and military 
equipments. 
What is the purpose of resistors in these circuits? They 

are used to limit current flow and to develop voltages of 
lesser potential than the source. Resistors are manufactured 
in many different forms and many different values. They 
may also be of a fixed or variable value. 

ki--,(yez. TYPES 
AND 

SYMBOLS 

VAR I ABLE RESISTOR TAPPED RESISTOR 
(POTENTIOMETER) 

Q72. The unit of measurement for resistance is the 

---• 
Q73. The is the symbol for resistance value. 

Q74. What are resistors used for? 

Q75. As an exercise, write the following resistance 
values in the shortest possible form. 

(a) 37,500 

(c) 1,030,000 

(e) 99,000 

(g) 4,900 

(b) 375,000 

(d) 103 11 
(f) 146,210 

(h) 57,200 
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Your Answers Should Be: 

A72. The unit of measurement for resistance is the 
ohm. 

A73. The o is the symbol for resistance value. 

A74. To limit current flow and to develop voltages 
smaller than the source voltage. 

A75. (a) 37.5Ko 

(c) 1.03Mo 

(e) 99Ko 

(g) 4.9Ko 

(b) 375Ko 

(d) 103o 

(f) 146.21Ko 

(h) 57.2Ko 

Resistor Values 

The material from which resistors are made is of such 
a nature as to produce the desired values. Most resistors are 
manufactured from wire or from a mixture of materials. 

CARBON 
MIXTURE 

INSULATED 
COATING 
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CARBON AND 
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Reading and Measuring Resistors 

Resistors are color coded to permit determination of their 
resistance value. You will find three or four colored bands 
around the resistor. The bands will be nearer one end than 
the other. The first band is nearest the end of the resistor. 

1ST BAND - 1ST NUMBER 
2ND BAND - 2ND NUMBER 
3RD BAND • NUMBER OF 

ZEROS 

4TH BAND TOLERANCE 
IMAY OR MAY NOT BE USED) 

RESISTOR COLOR SANDS 
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Ten colors are used to represent each of the digits in the 
decimal system. These colors are black, brown, red, orange, 
yellow, green, blue, violet, gray, and white. They represent 

the digits 0 through 9, in that order. 
The first two colors on the resistor ( the two nearest the 

end) represent the first two numbers of the resistance value. 
The third color band represents the number of zeros that 
follow the first two numbers. The fourth band ( if there is 
one) determines how much the actual resistance can vary 
from the indicated value of the resistor. The difference 
between the indicated value (by color bands) and the actual 
value is called the resistor tolerance. 
The fourth band will be either gold or silver. If it is gold, 

the tolerance of the resistor is plus or minus 5% ; if it is 
silver, the tolerance is plus or minus 10' ; . The absence of 
a fourth color band indicates the resistor tolerance is plus 
or minus 20% . For example, the actual value of a 68,000-
ohm resistor having only three color bands is between 
54,400 ohms and 81,600 ohms. (20% of 68,000 ohms is 
13,600. The tolerance limits are therefore 68,000 + 13,600 
= 81,600 ohms, and 68,000 — 13,600 = 54,400 ohms.) 

Q76. What are the digits for the following colors? (a) 
Blue. ( b) Gray. ( c) Orange. (d) Black. 

Q77. What are the values of the following resistors? 

ORANGE 

BLUE 

BROWN BLACK 

BROWN 

BLACK WH ITE 

YELLOW 

BLACK 

Q78. What is the resistance range of a 68,000-ohm 
resistor if its fourth band is gold? 

Q79. What is the resistance range of a 68,000-ohm 
resistor if its fourth band is silver? 
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Your Answers Should Be: 

A76. (a) Blue is 6. ( b) Gray is 8. (c) Orange is 3. (d) 
Black is 0. 

A77. (a) 360 ohms. (b) 1 ohm. (c) 94 ohms. 

A78. 64,600 to 71,400 ohms (68,000 plus or minus 3,400 
ohms). 

A79. The resistor would read somewhere between 61,-
200 ohms and 74,800 ohms. 

WHAT YOU HAVE LEARNED 

1. All matter is made up of molecules. 

2. A molecule is the smallest possible particle that still 
retains the same physical and chemical characteristics 
of a substance. 

3. Molecules are made up of atoms. 

4. An atom is the smallest portion of an element which 
exhibits all the properties of that element. 

5. An atom is made up of even smaller particles called 
protons, electrons, and neutrons. 

6. Electrons have a negative charge and are the smallest 
of the three particles. Electrons revolve around the 
center cluster in orbit zones. 

7. The center cluster of an atom is called the nucleus and 
consists of protons and neutrons bonded together. 

8. A proton is the next largest particle and has a positive 
charge. 

9. A neutron is the largest particle and has a positive and 
negative charge to make it neutral. 

10. Different elements have different numbers of electrons 
and protons. 

11. The electrons orbit around the nucleus in zones which 
may or may not be filled. 

12. The first two orbit zones are filled when they have 2 
and 8 electrons, respectively. Subsequent zones are 
filled with 8, 18, or 32 electrons. 

13. If an atom has a different number of electrons than 
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protons, it has an electrical charge (either positive or 
negative). 

14. A charged atom is called an ion. It is a negative ion 
if it has an excess of electrons. It is a positive ion if it 
has a deficiency of electrons. 

15. An element whose atom does not have completely filled 
outer-orbit zones is called a free-electron type element. 

16. A free-electron type element requires less energy from 
a voltage source to cause transfer of electrons from one 
atom to another than does an element whose orbit zones 

are filled. 

17. To have electrical movement, energy must be applied 

to an atom. 
18. To be of value, the energy must be applied so as to 

direct electrical movement. 

19. Voltage (electrical pressure) is the most common form 
of control. 

20. Voltage is a difference of electrical charge between two 
points. 

21. The difference in electrical charge between two points 
establishes a force. 

22. The amount of force is determined by the amount of 
charge at each point and the distance between them. 

23. The production of electricity is the result of controlled 
movement of ions or electrons. This movement is called 
current. 

24. Electricity, once produced, can be transferred from one 
location to another. 

25. Electrically, materials may be classified as conductors 
or insulators. 

26. Conductors can serve as a path for the transfer of 
electricity. 

27. Insulators present a very difficult path for the transfer 
of electricity. 

28. The human body is a conductor of electricity. 

NOTE: For this reason, any person near electricity 
should take every precaution possible in order 
not to become a part of the electric circuit ! 
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29. Electricity may be produced by friction. 

30. When electricity is produced as a result of one object 
rubbing against another, it is called static electricity. 

31. Lightning is an example of static electricity. 

32. The production of electricity is the result of a collection 
of more positive charges at one point than at another, 
or a collection of more negative charges at one point 
than at another. 

33. An accumulation of an electrical charge (voltage) can 
be measured with a voltmeter. 

34. The amount of current flowing through a circuit when 
voltage is applied can be measured with an ammeter. 

35. The amount of force between two charged bodies can 
be calculated by using the expression: 

F Qi X Q2  
d2 

36. Graphical representation of electric force and electro-
static fields is used to indicate the direction an electron 
will move when acted on by charged bodies. 

37. Electric current is the flow of either ions or electrons. 

38. There are two major current theories employed in the 
electrical and electronic fields. 

39. One is electron-theory current flow and the other is 
conventional current flow. 

40. Electron-theory current flows from the negative termi-
nal of a voltage source through the circuit, and back to 
the positive terminal of the source. 

41. Conventional current ( ions) flows from the positive 
terminal, through the circuit, and back to the negative 
terminal of the source. 

42. The standard unit for current is the ampere. 

43. "a" is used to indicate ampere. 

44. "I" is used to indicate the current flowing in a circuit. 

45. Voltage is electrical pressure. 

46. Voltage may be called potential difference, electromo-
tive force (emf), or voltage potential. 

47. The standard unit for voltage is the volt. 
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48. "V" is used to indicate volt. 

49. "E" is used to represent voltage in a circuit. 

50. Electricity can be produced by means of chemical 
action, heat, light, magnetism, pressure, or friction. 

51. A battery is a device which uses chemiCal action to 
produce electricity. 

52. A thermocouple employs heat to produce electricity. 

53. An automobile generator uses magnetism to produce 

electricity. 

54. A crystal pick-up of a record player converts pressure 
into electricity. 

55. The amount of current flow in a circuit is determined 
by how much voltage is applied and the amount of 
resistance in the circuit. 

56. The standard unit of measurement for resistance is the 

ohm. 

57. The Greek letter omega (I» is used to represent ohm. 

58. "R" is used to represent resistance in a circuit. 

59. Colored bands around a resistor indicate the value of 

resistance in ohms. 
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2 
The Simple 

Electrical Circuit 

You are now going to 
What You learn about basic circuits. 

You will be shown the ap-
Will Learn plication of Ohm's law and 

the electrical power relation-
ships which exist between voltage, current, and resist-
ance. From this information you will be able to identify 
basic circuits; visualize and describe voltage, current, 
and resistance relationships; determine power relation-
ships; and construct a basic circuit. 

BASIC CIRCUITS 

A circuit consists of a closed path through which an elec-
tric current flows. It is the route followed by current as it 

SIMPLE II 

-II 
SOURCE 

—CONDUCTORS 

OFFN 

- 10V 

CIRCUIT 

EXAMPLES 

LOAD 

I WHEN SWITCH IS CLOSED (ON) 

R 4 9K 

P 
R3 
200f2 

COMPLEX I +10V 

IK 

1—.-
2 mfd 

travels from the voltage source through the conductors and 
the load and returns to the source. This includes the path 
from terminal to terminal through the source. 
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Connecting a Source to a Load 

A circuit must form a complete (unbroken) loop for cur-
rent to flow. Current flows through a circuit in somewhat 
the same manner as a bicycle chain makes a complete loop 
between the driving gear (source) and the wheel (load). 

PULL 

/ 
/ 

SOURCE I / 
PULL 

/ / 

FORCE e r\ 

\ )id 

CONDUCTOR 

CONDUCTOR 

CHAIN 

-7-

LOAD 

41" 

An electrical/electronic circuit must form a complete loop 
from the voltage source to the load and back to the source. 

 0 + 

GENERATOR 

 o  o-

DC 

VOLTAGE 

SOURCES 

Symbols used for DC voltage sources in schematic dia-
grams are normally those of a battery or a DC generator. 
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The current-carrying paths between the terminals of a 
load and its voltage source are called conductors. A con-
ductor can be a wire (usually copper), or the heavy metal 
that forms part of the equipment or device can serve as 
one of the paths between the load and voltage source. 

SWITCHES 

Switches have been developed so that a circuit may be 
opened and closed with little effort or danger to the oper-
ator. Some switches are normally closed. When these 
switches are actuated, they open, or break, the circuit. Other 
types of switches are normally open. When actuated, they 
close (make) a circuit. Such switches are maintained in their 

normal positions by springs. 

SWITCH OPERATION 
CONTACTOFF - OPEN 

1_ ON - CLOSED 

PUSH TO OPEN 
SPRING RETURN 
TO CLOSE-

INSULATOR PUSH TO CLOSE 
CONDUCTORSPRING RETURN 

TO OPEN 
 I 8  

DASHED LINE MEANS THE TWO 
SWITCHES ARE ACTUATED TOGETHER 

OFF 

1 ON 

ON 

Qi. If a lamp is mounted on an insulator in an auto-
mobile, how many wires must be connected to the 
lamp socket? 

Q2. There are no wires in a flashlight. How is the cir-
cuit completed? 

Q3. A tail lamp on an automobile is mounted on a very 
rusty body. If the lamp lights only part of the time, 
what is the possible cause of the trouble? 

Q4. A completed circuit containing a voltage source will 
always have   through it. 

Q5. A circuit is open if current ( does, does not) flow. 

Q6. A lamp circuit is   if the lamp lights. 

Cr.   are used to open and close circuits. 
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Your Answers Should Be: 

Al. There must be two wires connected to the lamp 
socket. One is connected to a "hot" terminal and 
the other to the chassis. 

A2. The flashlight shell (case) forms one conductor 
from the lamp to the batteries. A battery terminal 
in direct contact with the lamp forms the other 
conductor. 

A3. The probable cause is a poor or open conductor (the 
rusty body). 

A4. A complete circuit containing a voltage source will 
always have current flowing through it. 

A5. A circuit is open if current does not flow. 

A6. A lamp circuit is closed if the lamp lights. 

A7. Switches are used to open and close circuits. 

The knife switch was probably the first switch used to 

any great extent. A basic requirement for the knife switch 
is the alignment of the two ends. This is required to permit 
a movable blade to make positive connection with stationary 
contacts. The switch is usually mounted on insulators or on 
an insulated board. 

THE COMMON TOGGLE SWITCH 

HOUSEHOLD TOGGLE 
BAT HANDLE TOGGLE 

A p OFF 
ON 

OFF 

j ON 

A B 

A toggle switch is an improved knife switch. It uses a 
spring-loaded mechanism to open and close the contacts. 
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THE WAFER SWITCH 
CENTER DRIVE SHAFT 

SWITCH WAFER 

KNOB 

CONTROL WAFER 
DETEND POSITION 

A wafer switch is a rather recent development resulting 
from the many advances in electronic and electromechanical 
devices. Electromechanical devices include equipment that 
converts electrical energy to mechanical energy or mechani-
cal energy to electrical energy. One advantage of the wafer 
switch is its ability to be rotated from one position to an-
other, providing a multiple switching action. Wafer switches 
are made to rotate either a full 360°, or part of a turn. 
Another advantage is that more than one wafer may be 
actuated with a single shaft. 

PUSH BUTTON 

THE PUSH-BUTTON SWITCH 

SPRING 
LOADED 

m iàm RETURN 

LOCKS 
n OPEN OR 

dim CLOSED 

PUSH TO OPEN 
SPRING LOADED 

RETURN 

0--1 À--c, 

A B À B A B 
PUSH TO CLOSE 

A push-button switch uses a button which must be pushed 
to form a closed (or open) condition. One type remains 
closed (or open) until the next push. Another kind is the 
momentary push button. It stays closed (or open) as long 
as the button is depressed. 

Regardless of the style, a switch is used to fulfill only one 
purpose—to open or close a circuit. 

Q8. What is the purpose of a switch in an electrical 
circuit? 

Q9. What unique feature does the wafer switch have 
over other switches discussed in this chapter? 
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Your Answers Should Be: 

A8. A switch is used to open and close circuits. 

A9. A wafer switch is the only one that employs rotary 
motion for positioning. 

OHM'S LAW 

Ohm's law expresses the precise relationship that exists 
between voltage, current, and resistance. Relationships con-

cerning this law for DC circuits will be used for evaluation 
of all other electrical circuits. You should therefore study 
the next few pages carefully. 

Basic Relationships 

Which circuit below will have the greater current flow? 

LAMPS ARE THE SAME 

=._ E 

LOW VOLTAGE 

I mll IRO 

OHM'S 

LAW 

The circuit with the lower voltage will not have as much 
current flow as the other. The current will therefore be 
greater in the circuit on the right. 

In which of the following circuits will current be greater? 
The two voltages are equal. 

E 

R 

LOW RESISTANCE RESISTANCE 

E 

R 

HIGH RESISTANCE RESISTANCE 

VOLTAGE CONSTANT 

RESISTANCE VARIED 

Current cannot flow as easily through a high resistance 
as it can through a low resistance. Thus, the circuit on the 
left will have the greater current flow. The circuit with the 
higher resistance will require a higher voltage source to 
cause an equal amount of current to flow. 

86 



Explanation of Ohm's Law 
Current will decrease if voltage is decreased or resistance 

is increased. The reverse is also true. Current will increase 
if voltage is raised or resistance is reduced. Therefore, 
Ohm's law can be stated as an equation, with current ( I) 
being made equal to a ratio between voltage (E) and 
resistance (R). 

I =-, or amperes volts  
Rohms 

This statement (equation) is true for the current-voltage-
resistance relationship in any DC circuit. If R (in ohms) 
remains the same, and E ( in volts) is increased by a factor 
of two, five, ten, or any other number, then I (amperes) will 
be increased by the same factor. A decrease in the number 
of volts will result in a proportional decrease in amperes. In 
other words, to determine I, E is divided by R. 

E (10 volts) 10 
I —  5 It (2 ohms) 2 = amps 

The same reasoning holds true for changes in resistance. 
For a given voltage, current will be twice as large if resist-
ance is decreased to one-half its former value. If the re-
sistance is increased four times, current will become one 

fourth as large. 

Q10-15. Find I in each of the six circuits below. 

010. 

012 

014. 

I=   6EV 
_ 

R 
30 
I 

1  
240R 

2coR 1 

011. 

013. 

015. 

IE 

30 
R 

60 

r 
60 
R I 
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Your Answers Should 13e: 

A10. 2 amps. 

I ---= 6 volts  — 2 amps 
R 3 ohms 

All. 4 amps. Note the amount of increase in current 
when the voltage was doubled. 

Al2. 0.5 amp 

A13. 2 amps. Note how much current increased when 
the resistance was reduced by one fourth. 

A14. 5 amps 

A15. 1 amp 

Application of Ohm's Law 

Ohm's law can be used to find either current, voltage, or 
resistance in a circuit if the other two factors are known. 
Solving for Current—You have already seen how current 

in a circuit can be determined by dividing the circuit voltage 
by the load resistance. I is equal to E divided by R. 
Solving for Voltage--In the chapters which follow, you 

will see the need for determining voltage when current and 
resistance are known. For example, how much voltage is 
required to force a current of 2 amperes through a load 
resistance of 50 ohms ? The Ohm's-law equation would be: 

I = — ? volts E or 2 amps —  • ; E = 100 volts 
R ' 50 volts 

Arithmetic reasoning tells you that voltage units must be 
twice the number of resistance units to permit 2 amperes 
to flow. Or, you multiply the number of ohms by the num-
ber of amperes to obtain the number of volts. E is equal to 
I multiplied by R. By using a mathematical rule, you mul-
tiply both sides of the basic equation by R to obtain the 
same equation for voltage. 

(R) X I — E x ( R)' or IR = E 
R  

The R's on the right side of the equation cancel, leaving 
E equal to IR (I multiplied by R). If 0.5 amp is flowing 
through 20 ohms, E applied (IR) is 10 volts. 
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Solving for Resistance—If the voltage and current in a 
circuit are known, its resistance can be determined by similar 
reasoning. What is the resistance of a coil that permits 2 
amperes of current to flow when connected to a 6-volt 
battery ? 

I = 6 volts —E or 2 amps — 
R ? ohms • R = 3 ohms 

To obtain 2 amperes, 6 volts must be divided by 3 ohms. 
In other words, resistance can be determined by dividing 
voltage by current. Mathematically, the equation for resist-
ance is obtained in the following manner: 

I = —E (transpose I and R) : R = —E 

Q16-23. Solve for the quantity indicated in the circuits 
below. 

016. 

018. 

020. 

022. 

6„, 1 164 
--T- (77) 017. 

200V 

2. 2a 

100 nia 

019. 

021. 

023. 

4000 

0.5a 

200V = 

60a 
Ci) 

12V 

4ma 

II _ 2°K 
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Your Answers Should Be: 

A16. I = L4 = 4 amps 
R 16 

A17. E = IR = (0.5) (400) = 200 volts 

E 200 A18. R = — = — = 100 ohms 
I 2 
E 200  A19. I — — — 0.1 amp 
R 2,000 

A20. E = IR = (220) ( 2.2) = 484 volts 

E 12 1 A21. R = , = — = —' or 0.2 ohm 
1 60 5 

A22. R — = 1,000 10,000, or 10K ohms 
I 0.1 

A23. E = IR = (0.004) (20,000) = 80 volts 

VOLTAGE DROP 

Voltage drop is a term which can be misleading. The word 
"drop" may lead you to believe that an amount of voltage 
is lost. This is not true, however; voltage never disappears. 
Voltage drop merely refers to the manner in which the 
source voltage is distributed (dropped) throughout the 
circuit. 

VOLTAGE DROP IN A CIRCUIT 

- 1S2 0.5 VOLT 

0.5a 

lo 
0.5 VOLT 

1 
0.5 VOLT 

All of the source voltage is distributed proportionally 
across the resistance in a circuit. The voltage drop between 
any two points in a circuit can be determined by the ratio 
of the individual resistance to the total resistance of the 
circuit. The diagram, for example, shows a 3-yard length 
of wire connected to the terminals of a 1.5-volt cell. The 
resistance of the wire is one ohm per yard, or a total of 
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three ohms for the circuit. Current for the circuit (E/R) 
will be 0.5 amp. 
The total 1.5 volts will be dropped across the total length 

of the wire. Since E = IR, the voltage distribution is often 
called the IR drop. This version of Ohm's law can be used 
to determine the voltage drop across any portion of a circuit. 

Since one yard of wire presents one ohm of resistance to 
the current flowing through it, its IR drop (share of the 
circuit voltage) is 0.5 amp X 1 ohm, or 0.5 volt. A yard of 
wire represents one third of the total resistance and would 
have one third ( 0.5 volt) of the total voltage across it. A 
sensitive voltmeter would record this drop. 

VOLTAGE DROP IN A LOAD 
A B D 

• • • 

R 1 R2 R3 

6Q 3Q 3Q 

o.5a 6 VOLTS 

 -III 4- 

o.sa 

Normally, the relatively small voltage drop of conductors 
is disregarded since the wire resistance is usually a very 
small fraction of the total load resistance. The tapped resist-
ance in the diagram above has a total of 12 ohms with a 
total of 6 volts (from the source) applied across it. A cur-
rent of 0.5 amp flows through each portion. The voltage 
(IR) drop between terminals A and B will be 3 volts in 
accordance with Ohm's law, resistance ratio, or a voltmeter 
measurement. 

Q24. What is the voltage drop across R3? 

Q25. What is the IR drop between terminals A and C? 

Q26. How much voltage will be measured between ter-
minals B and D? 

Q27. The sum of the total voltage drops in a circuit is 
(equal to, less than, more than) source E. 

Q28. R5 is 0.2 of the total circuit resistance. The circuit 
voltage is 9 volts. What is the IR drop across R5? 
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Your Answers Should Be: 

A24. The voltage drop across R3 is 1.5 volts. 

A25. 4.5 volts (0.5 amp >< 9 ohms) is distributed be-
tween terminals A and C. 

A26. Three volts between B and D. 

A27. The sum of the total voltage drops in a circuit is 
equal to source E. 

A28. 1.8 volts (two tenths of nine volts.) 

ELECTRIC POWER 

When voltage forces current through a resistance, heat is 
generated. Electrical energy is converted to heat energy. 
The rate at which this conversion takes place is called 
power, and its unit of measurement is the watt. Power is 
determined by the product of current flowing through the 
device and the voltage dropped across the device. 

P (power in watts) = E (volts) X I (amps) = EI 

Since P = EI, the wattage rating of a device reveals its 
voltage or current if one of these values is known. For 
example, an electric light bulb has its wattage and voltage 
stamped on its surface. Why do you think this is done? 

o.5a 

POWER 

DISSIPATION 

IN A LAMP 

-__ 60 WATTS 
120 VOLTS 

Connected to 120 volts, the 60-watt lamp will draw 0.5 
amp. If P = IE, I is equal to P divided by E. If the filament 
has been properly constructed, the lamp will burn for many 
hours with 1/2 ampere flowing through it. What will hap-
pen if the lamp is connected across 240 volts? Since the 
voltage is doubled, current will also double. The power (IE) 
that the lamp must now dissipate is 1 ampere multiplied by 
240 volts, which is equal to 240 watts. The filament, con-

92 



structed for 60 watts, will be rapidly consumed by the 
increased heat. For this reason electrical devices should be 
connected to proper voltages only. 
Power can be determined by knowing only E and R, or 

only I and R. The power equations can be developed by 
substituting the appropriate Ohm's law equations in P = JE. 

If P = JE, and E = IR, then (by substitution) : 
P = (I) ( IR) = PR. 

Since I = E P = ( E ) (E) = 
71. 

By use of the appropriate expression, power can be deter-
mined if the voltage and current, the current and resistance, 
or the voltage and resistance are known. 

Since electrical energy is dissipated in the form of heat 
in a resistance, the power developed in a resistance is con-
sidered to be a loss. If 1 ampere of current causes a voltage 
drop of 120 volts, the power (IE) loss is 120 watts. If 2 
amps flow through 10 ohms, the power loss (also called an 
I2R loss) is 40 watts. A voltage drop of 10 volts across 20 
ohms of resistance will dissipate 5 watts of power (E2/R). 

POIT'ER LOSSES 
A 

• • 

R1 R2 

80Q 40Q 

IN A LIRLI IT 

120V 

Q29. What is the total circuit current in the above 
circuit? 

Q30. How much current is flowing through R1? 

Q31. What is the voltage drop between terminals A and 
C? 

Q32. How many volts will be measured across R1? 

Q33. What is the IR drop across R2? 

Q34. What is the power loss in R1? 

Q35. How much power is dissipated in the total load? 

Q36. If the source voltage is decreased to 60 volts, how 
many watts will be dissipated by R2? 
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Your Answers Should Be: 

A29. 1 ampere. (Source voltage of 120 volts divided by 
the total resistance of 120 ohms.) 

A30. 1 ampere. (The same current flows through all 
parts of this circuit.) 

A31. 120 volts. (E = 1 amp >< 120 ohms) 

A32. 80 volts. ( E = IR) 

A33. 40 volts. 

134. 80 watts. 

A35. 120 watts. 

A36. 10 watts. This can be determined by several 
methods based on the current now being 0.5 amp 
(E/R) and the new voltage drop of 20 volts across 

(a) P = IE = ( 0.5) (20) = 10 watts 

(3) p E 2 (20) 2 
4°° = 10 watts 

R 40 40 

(c) P = PR = (0.5) 2 >< (40) 
= (0.25) (40) = 10 watts 

(Note that decreasing the voltage to one half the 
original value halved the amount of current flow-
ing and decreased the power consumption of the 
circuit to one fourth.) 
As in the Ohm's law equations, all factors in the 

power equations must be in equivalent units. E 
must be in volts; I in amperes; R in ohms. 

WHAT YOU HAVE LEARNED 

1. Current will flow only in a complete circuit. 

2. A circuit consists of a source connected to a load. 

3. A basic circuit consists of a source, conductors, and a 
load. 

4. Switches are used to open and close the current path. 

5. A toggle switch is the most common switch. 

6. A knife switch was probably the first form of switch. 
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7. Wafer switches rotate and may have more than one set of terminals. 

8. A push-button switch is designed to be either normally 
open or normally closed. Depressing the switch button 
opens a closed circuit or closes an open circuit. 

9. Current will not flow through an open circuit but will 
flow in a closed circuit. 

10. Because of the Ohm's law relationship between I (cur-

rent), E (voltage), and R (resistance), the value of one 
of these factors can be determined if the other two are known. 

11. The voltage applied across a resistance is equal to the 
current flowing through the resistor times its resist-
ance. E = I X R. 

12. Current through a resistor is equal to the voltage ap-
plied divided by the resistance: 

E I — ---
R 

The greater the resistance, the smaller the current will 
be for a given voltage. 

13. Resistance is equal to the amount of voltage applied 
divided by the amount of current the resistor permits to flow: 

E R 

14. The power dissipated in an electrical circuit generates 
heat. The amount of heat depends on how much cur-
rent is flowing and the amount of voltage forcing it to flow. 

15. P = IE, where the power is measured in watts (w). 

16. Power is equal to PR, where IR is substituted for E in 
the P IE expression. 

17. Power is equal to E2/R, where E/R is substituted for I 
in the P IE expression. 

18. Ohm's law expressions: 

19. Power expressions: 

P — IE, P — I2R, P E2 
R • 
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3 
DC Series Circuits 

This chapter contains 

What You a thorough description of 
the series circuit and its 

Will Learn basic connections. It also 
explains how total resist-

ance, total current, and voltage drops are determined in 
such a circuit. You will learn how to reduce a voltage 
to a desired level by the use of a dropping resistor, iden-
tify series connections in complex electronic circuits, 
and determine total resistance and total current in a 
series circuit. 

WHAT IS A SERIES CIRCUIT? 

A series circuit is an electrical circuit in which all the 
components are connected end to end. 

' VOLTAGE AND CURRENT 
1V  112V --1/2V 

1  C.— 9— e— e— 1_,k.. 1 0-- e—  e—e- H 
e- o- e-  
ONE UNIT UNIT LENGTH TWO UNIT LENGTHS 

Do you recall the voltage distribution which occurs across 
a resistance If one volt is applied across one unit length 
of wire, for example, what will happen to the voltage dis-
tribution across the same size wire that is twice as long? 
One-half volt will appear across each unit length. One-half 
the total voltage will be dropped across each of the two 
units. Since the resistance is doubled, the current will be 
one-half as much. 
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VOLTAGE DISTRIBUTION 

Voltage will be distributed across the unit length of resist-
ance in the manner shown in the diagram. Doubling the 
voltage will cause twice the current to flow through the 

CURRENT DEPENDS ON VOLTAGE 
2v 

e— 
e-
0-

-UN -4-U2V - 
ONE UNIT LENGTH 

1 9— e— e— e— Ft-
0-- 0-- e-- e--

 IV 
ONE UNIT LENGTH 

resistance. One volt is distributed ( dropped) across each 
half of the resistance, increasing the current that flows 
through its section. 
An example of a series circuit is the manner in which 

the vacuum-tube filaments of some radio and television sets 
are connected. As you can see in the diagram below, each 
filament requires 12 volts and a current of 0.15 ampere. This 
identifies another characteristic of a series circuit—all com-
ponents in a series circuit have the same current flowing 
through them. 

12V 12V 12V 12V 12V 

FILAMENTS = 80Q EACH 

VACUUM-TUBE FILAMENTS IN SERIES 

12V 12V 12V 12V 12V 

Another application of the series circuit is the economical 
series-string Christmas-tree lamps. The number of lamps 
needed in a string or the amount of voltage to apply can be 
determined by Ohm's law. If the voltage drop required by 
each lamp is 15 volts and the string is to be connected to a 
120-volt outlet, then eight lamps are required in series. 
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Symbol Designations 

Care must be used when referring to voltage in a series 
circuit. A voltage drop across one resistance among many 
may be a different value from the IR drop across the others. 
A voltage across R,, for example, should be identified as that 
voltage. The source voltage should be designated as ET (for 
E total). Total resistance becomes RT. Since current is the 
same in all parts of a series circuit, it remains as I. 

R6 R5 R4 

IDENTIFY All PARTS 
OF A CIRCUIT 

Total Resistance in the Series Circuit 

Current in a series circuit is determined by the values of 
total resistance and total voltage. The total source voltage 
is distributed proportionally across each of the series resist-
ances, depending on their ratios to the total resistance. 

Total resistance in a series circuit is the sum of the resist-
ances between the terminals of the source. That is, RT will 
equal R, 112 R3 4 - etc. 

TOTAL RESISTANCE 

RI- + R2 + R3 

The lamp shown above does have a resistance, even though 
it is not a resistor. Therefore it is marked as R., for calcula-
tion purposes. 

Ql. Can the circuit on the opposite page be called a 
series circuit? 

Q2. The symbol for total voltage is 
Q3. If 11, is 4.5 ohms, It, is 6 ohms, and R3 is 6 ohms in 

the diagram above, what is RT? 
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Your Answers Should Be: 

Al. Yes. All elements are connected end to end. 

A2. The symbol for total voltage is ET. 

A3. RT = 16.5 ohms. (The total resistance in a series 
circuit is the sum of all the resistance values across 
the source.) 

Total Voltage in a Series Circuit 

In addition to determining the total resistance of a series 
circuit, the total voltage must be calculated if there are two 
or more voltage sources in series. Total voltage is found in 
the same manner as the total resistance; that is, the sum of 
the individual voltages equals the total voltage. 

3V 3V 3V 

i)--1111±=f14±=o14±-0 

E - E + E T 1 2 4" E3.9V 

TOTAL VOLTAGE 

There is a separate problem in the calculation of total volt-
age, however. Some of the voltage sources may be in oppo-
sition to others, in which case the total voltage will not be 
the simple numerical sum of all the voltages. If the polarities 
of all the voltage sources are in the same direction, the volt-
age values are added together. If the polarities are in oppo-
site directions, the values are subtracted, and the polarity 
of ET is that of the larger voltage source. 
A series circuit with more than one source and more than 

one load can be redrawn to show a circuit with only one 
source and one load. 

SIMPLIFYING A SERIES CIRCUIT 

El —=-

100 

E3 

El R3 MII> 

ET - El + E2 + E3 
- RI + R2 + R3 



Ql. How must you treat the following series circuit to 
find the total source voltage? 

El E2 E3 E4 E5 

0--111.4-•=4111* +111 - 
26V 14V 7V 10V 3V 

ET • ? 

Q5. What is ET for the circuit below? 

Q6. What is RT for the circuit below? 

Q7. What is IT for the circuit below? 

El 

13V 

E2 E3 

- 111+ +111 
3V 7V 

E 4 

II-
24V 

R1 R2 R 3 R4 
8Q 4Q 2Q 1S1 

Q8. In which direction will current flow in the circuit 
above? 

Q9. Could the total resistance be represented by a single 
resistor? 

Q10. What is the total resistance in each circuit (a, b, 
and c) below? 

ZOQ 

E2  
3AA,R  6V I, 

80Q 

R1 R2 

4Q 16Q 
E 

99V   E2 
  *  

19V 

R5 
Wv  
31Q 

El 

fRill I+  30V 
1 

6Q  
E 3 

111I-
15V 

E 2 

Q 

15V 
R12 

114  

R3 R 4 

31Q 18Q 

E3 

9V  

Q11. What is the total voltage in each circuit? 

Q12. Draw an equivalent circuit, containing only one 
source and one load, for each of the circuits. Label 
the value and polarity of the source and the value 
of the resistance. 
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Your Answers Should Be: 

A4. You must first add all the voltages having a polar-

ity in one direction (negative to plus). Then add 
all the other voltages having a polarity in the 
other direction. Subtract the smaller from the 
larger. This will determine the amount of the 
overall voltage (ET) and its polarity. 

EI E2 E4 E3 E5 ET 

'1"—"1111' 711le'— '7> 
26V 14V 10V 7V 3V 40V 

FIRST: ET= El + E2 + E4 
= 26 + 14 + 10 
= 50V 

SECOND: ET= E3 + E5 

7V+ 3V• 10V 
FIND: 

ET.. 50V - 10V 

ET= 40V 
A5. ET = 24 ± 7 — 13 — 3. That is, 31 — 16 = 15. 

Therefore, ET = 15 volts, negative to positive left 
to right. 

A6. RT = RI ± R2 + R3 + R4. RT = 15 ohms. 

A7. IT = ET/RT. = 15 15, or 1 amp. 

A8. The current will flow away from the negative 

terminal and into the positive terminal of ET. 

A9. Yes. Once the total resistance has been found, it 
may be represented by a single resistor. 

A10. (a) 104 ohms 
(b) 120 ohms 
(c) 100 ohms 

All. (a) 12 volts 
(b) 60 volts 
(e) 109 volts 

Al2. 

A 

ci 

_.,_ ET 12V RT = 104Q _LE = 60V 
1. 

10W 
RT = 100Q 

RT= 120Q 
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Examples of devices having several voltage sources in 
series are flashlights, transistor radios, and automobile 

batteries. 

VOLTAGE SOURCES IN SERIES 

TRANSISTOR RADIO 6V 

ii 

BATTERY TUBE 

6V - 3 CELLS! BATTERY 

AUTO BATTERY 

Current in a Series Circuit 

If a series circuit has an RT of 170 ohms and an ET of 
34 volts, what is the current in the circuit? The current 
will be equal to ET/RT or 0.2 ampere (34/170). If a series 
circuit has three sources (all aiding one another) and two 
resistances, current can be determined by: 

E, E2 E3  
IT — 

RI 

Voltage Drop in a Series Circuit 

The voltage drop across each resistance in a series circuit 
is found in the same manner as the voltage across a resistor 
if the resistance value and the current flowing through the 
resistor are known. The Ohm's law expression is E = IR. 
Voltage across a resistance is determined by multiplying 
current by resistance. 
The current is the same through each resistance in a 

series circuit. After finding the current, the value of I is 
used to determine the voltage drop across each resistance 
in the circuit. 

Q13. What is the total voltage of a source having eight 
1.5-volt flashlight cells connected in series? 

Q14. What is the total voltage of a source having fifty-
five 2-volt lead-acid cells connected in series? 
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Your Answers Should Be: 

A13. Eight 1.5-volt dry cells connected in series will 
develop 12 volts. 

A14. Fifty-five 2-volt lead-acid cells connected in series 
will provide 110 volts. 

Determining Voltage Drops 

The sum of the voltage drops in a series circuit is always 
equal to the total applied voltage. 

E - 110V 

IT • 5 amps. 

R2 • 150 

ER2 • 5 X 15 75V 

R - 70 
EiTi • 5 X 7 - 35V 

VOLTAGE DROPS 

EQUAL APPLIED 

VOLTAGE 

In the above circuit, 5 amps will cause a 35-volt drop 
across the 7-ohm resistor and a 75-volt drop across the 15-
ohm resistor. E111 ± ER.» = ET. 

Polarity Across the Loads 

Current leaves the negative terminal of a voltage source, 
flows through the circuit, and returns to the positive termi-
nal. This direction of current flow occurs because of the 
voltage polarity. One of the terminals of the source is nega-
tive ( repels electrons) with respect to the other. The oppo-

site terminal is positive (attracts electrons). In the diagram, 
for example, 13, is 30 volts negative with respect to P3. 

POLARITY P3 . 22.5V R2 - 450 

ACROSS P2 

LOADS p 1 Illiffle 7.5V R1 - 150 
_ -  

Voltage in a circuit exists only between two points—never 
at one point only. Therefore, voltage is expressed as being 
across two points in a circuit, or in terms of one point 
with respect or in reference to another point. The point at 
which current enters a resistance is negative with respect to 
the point at which it leaves. 
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A common ground is used as the reference point for ex-
pressing voltages unless otherwise specified. If a ground 
symbol is shown (see the diagram below), it becomes the 
common reference point for all voltage points in the circuit. 

p I R2 P2 R3 P 3 
S MA 

140 • 200 

GROUND IS A REFERENCE POINT 

Current will flow from Pi to P., to P3 through the source 
to ground and from ground to P1. In this case, I is equal 
to 1 amp. This means Pi is + 16 volts with respect to 
ground. P., is + 14 volts with respect to P1 (thus 30 volts 
positive to ground). P3 to ground ( in either direction) is 
+50 volts (the source voltage or the drop across the three 
resistors). 

Q15. What is the value of ET in the circuit below? 

Q16. What is IT in the following circuit?. Which way 
will current flow with respect to P1 and P.? 

1 
E • 50V 

Q17. 

E 6V 

E2 9V 

What is the total resistance of the following 

R4 R3 R2 

10 70 80 
3OVk E3 

circuit? 

— 74V 

Pl P 2 
•  

R1 R2 

180K 57K 

R4 

100K 
 Vs.^.  

140 

.1 R 3 = 33K 

Q18. What is the voltage, with reference to ground, for 
all the points (P) on the following diagram? 

¿' k 
41e—Wf-41--NAA,  

R1 P2 R2 P3 R3 
4400 5200 65K 

P4 

400 
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Your Answers Should Be: 

A15. 15 volts. 

A16. IT = ET/RT. ET = E3 — (E, + E2) = 15V 

RT = R1 + R2 + R3 + R4 = 30 ohms 

IT = 15V/30 = 0.5 amp 

Since the 30-volt source is larger than the com-
bined 15 volts of the other two, the current will 
flow from P2 toward Pi. 

A17. RT = 370K. 

That is, RT = R1 + R2 + R3 + R4 = 370K 

A18. IT = —E T 66V 0.001 amp, or 1 ma 
RT 66K 

P, = +66V, P, = +65.56V, 
P3 = +65.04V, P4 = +0.04V 

Voltage Division in a Series Circuit 

Voltage reference is one of the most important concepts 
to be learned in electricity or electronics. An understanding 
of how much voltage exists between two points in a circuit 
often reveals the purpose of the circuit and how it works. 
As an example, a schematic of a vacuum-tube circuit is 

shown below. The figure on the right shows a vacuum tube 
in series with a load resistance, Ri,. The figure on the left 
shows how the tube can be considered as a variable resist-
ance. The output of this circuit is taken at a point between 
the tube and the load resistance. 

In effect, the grid varies the resistance of the vacuum 
tube. P2 is always +300V (to ground). Pi is a positive 
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voltage (to ground) ; its value depends on tube resistance 
at any particular instant. The tube resistance changes from 
3,000 to 17,000 ohms. Since 300 volts is always across the 
tube and load resistance, the output voltage at PI (with 
respect to ground) is large when tube resistance is high 
and small when tube resistance is low. 

VOLTAGE DIVIDER 

Current is the same through all elements in a series cir-
cuit. In the circuit on the opposite page the 300 volts can 
also be used for other purposes and in other circuits. Yet, 
300 volts is often too much voltage for some circuits. A 
voltage divider is used to reduce the 300 volts to a level 
acceptable for use in a lower-voltage circuit. To select the 
correct resistors for use in a voltage divider, you must know 
how much voltage is required by the lower-voltage circuit. 
A voltage divider, therefore, is a series of resistances whose 
values are such that the desired output voltages are obtained 
at the various points with respect to the voltage reference 
point. In some cases, a voltage dropping resistor is con-
nected in series with a load to obtain the desired voltage. 

VOLTAGE DIVIDERS 
+300V  i 4-12v 

R 200K R(DROP) 3S2 RIDROPI 

R 100K LOAD 

u 

6V 

)2A 
LOAD 

+110V 

1 10V 
I 50 ma. 

Q19. What is I in the voltage divider of part A above? 

Q20. How much voltage is available at 13, in part A? 

Q21. R (drop) in part B above is a(an)   
  resistor. 

Q22. Load voltage ( part B) is to ground. 

Q23. ampere(s) flow through R (drop) in part B. 

Q24. R (drop), part C, is ohms. 

Q25. The load in part C dissipates watt (s). 
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Your Answers Should Be: 

A19. 0.001 amp, or 1 ma. 

A20. 100 volts. E = I >< RI. 0.001 amp multiplied by 
100,000 ohms. 

A21. R (drop) in part B is a voltage dropping resistor. 

A22. Load voltage (part B) is —6V to ground. 

A23. Two amps flow through R (drop) in part B. (Cur-
rent is the same throughout a series circuit.) 

A24. R (drop), part C, is 2,000 (or 2K) ohms. 
If the voltage across the load is 1i) volts, R (drop) 
must have 100 volts across it. 100 volts divided 
by 0.05 amp (circuit current) is 2,000 ohms. 

A25. The load in part C dissipates 0.5 watt. 

P = IE. (Current through the load multiplied by 
the voltage across the load.) 

PRACTICAL APPLICATION OF THE SERIES CIRCUIT 

In addition to what you have learned, there are many 
other applications for a series circuit. They exist in almost 
every electrical device used. 

Reducing Output Voltage of a Battery 

A voltage-dropping resistance can be used to lower the 
output of a 12-volt car battery to operate a 6-volt device 
(radio, meter, lamp, etc.). The dropping resistor (when in 
series with the load) must have a value in ohms which will 

REDUCING VOLTAGE WITH A RHEOSTAT 

-E-412V 
• 

ADJUST 
RHEOSTAT 
FOR 6V 
ACROSS 
LOAD 

• 
W-? 

RHEOSTAT 6V 

1 

r7s 
_ VTVM 

.70 

12V RANGE 
OR BETTER 

permit the desired amount of current to flow through the 
device. It must also have the proper wattage rating as 
determined by its current and voltage drop. A rheostat 
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(variable resistor) is quite often used as a dropping resistor 
in this application. 
The circuit on the opposite page requires many careful 

adjustments and a common-sense application of Ohm's law 
and power equations. Solutions to the voltage-current-
resistance problems are no more difficult than those you 
have already solved. 

Steps in the Adjustments of the Rheostat 

1. Determine the approximate current the load will draw. 
The device should be marked with its voltage and cur-
rent requirements. The information can also be found 
in the service manual for this particular component. 

2. Be sure the multimeter is set on a voltage scale which 
will read the source voltage ( 12 volts in this case). 

3. Adjust the rheostat for 6 volts across the load. 

NOTE: The rheostat must be of high enough wattage 
to carry the load current. 

4. Be sure the device can be switched on and off. 

5. Put a fuse in the device. The fuse should be capable of 
carrying the current requirements of the load, while 
protecting it from an accidental overload. 

RHEOSTAT AND SYM8OLS 

0-9 
RHEOSTAT 
SYMBOLS 

Q26. If you do not know the current through the load 
and the rheostat, and you do not have an ammeter 
which will measure the current, how do you find 
the power required for the rheostat? 

Q27. How do you determine the size of the fuse? 

Q28. Why should the multimeter be set to the range 
which can read the voltage of the source? 
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Your Answers Should Be: 

A26. You know the voltage drop across the rheostat, 
and you can measure the resistance of the rheo-
stat from the end of the wiper contact. 

Power = 
R 

A27. The fuse must be able to carry the calculated cur-
rent and should be able to carry normal surges. 
Normal surges are determined by the characteris-
tics of the device (load). 

A28. The voltage range of the multimeter must always 
be set to the scale that you know will not be 
exceeded. Voltage greater than the range of the 
meter can cause excess current through the meter 
and, therefore, cause possible damage. 

Speed Control for an Electric Motor 

Motors, such as the one used in an automobile for the 
defroster fan, are sometimes connected to a switch having 
four positions (OFF-LO-MED-HI). The low and medium 
positions are separated from the high position by fixed 
resistors. Assume the motor turns at three speeds which 
require 3V at 1 amp (LO), 4.5V at 1.5 amps (MED), and 
6V at 2 amps (HI). This circuit is shown below. 

SPEED CONTROL CIRCUIT 

OFF 

g +6V  / LO 

HI MED 

In the LO position the series resistance equals 3 ohms, 
which permits 1 ampere of current to flow. The 3 ohms is 
not the only resistance in the circuit. The motor adds its 
resistance in series with the circuit. In the MED position 
of the switch, the series resistance is 1 ohm. Again, the 
motor resistance is in series with it. 
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Q29. What is the resistance of the motor when the 
switch is in the LO position? 

LO 
+6V 

RI R2 

Q30. What is the resistance of the motor when the 
switch is in the IVIED position? 

+6V 

Q31. What is the resistance of the motor when the 
switch is in the HI position? 

+6V 

Q32. What is the power requirement for each of the 
two resistors, R1 and R.? 

Q33. What type of switch would be the one most likely 
used? 
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Your Answers Should Be: 

A29. The voltage applied to the motor in the LO posi-
tion is 3V. The current is 1 amp. Therefore: 

E 3 
R --- —I = —1 = 3 ohms 

A30. The voltage drop across the dropping resistor is 
equal to 1 ohm times 1.5 amps. This 1.5V drop 
across the 1-ohm resistor is subtracted from the 
source (ET) • 

Emotor = ET — E110 = 4.5V 

Rmotor - Emotor  
IT 

4 5V R = -- = 3 ohms 
1.5A 

A31. 3 ohms again. The full 6 volts is across the motor. 

A32. It is determined by the largest amount of current 
which will flow through the resistors. 

PR2 = 1 112 X E112 = 1.5 X 1.5 = 2.25 watts 

PT = (ERI ± ER2) X IT. ERI = RI X IT, 
and E112 = R2 X IT. 

ER1 = 2 x 1 --- 2V, ER2 = 1 X 1 = 1V. 

PRI = 1 amp X 2V = 2 watts, PR2 = 1 watt. 
Therefore, R1 must have a power rating no 

smaller than 2 watts. The rating of R2 must be 
no smaller than 2.25 watts. 

A33. The most probable selection for the switch would 
be a rotary or wafer type. 

WHAT YOU HAVE LEARNED 

1. The basic electrical circuit is a series circuit. 

2. A series circuit may have more than one source and 
load. 

3. Current in a series circuit is the same through all 
components. 
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4. Total resistance in a series circuit is computed by find-
ing the sum of all the resistances. That is, RT = R1 + 
Ro + R3 plus whatever additional resistors may be in 
series. 

5. Total source voltage in a series circuit is the sum of 
the individual sources if their polarity direction is the 
same, or is the difference of the sums of the opposing 
potentials. The larger will become ET and will control 
the direction of current. 

6. A series circuit may be represented with an equivalent 
circuit. 

7. Total voltage drop in a series circuit is equal to the 
source voltage, or ET. 

8. To describe a voltage at any given point you must 
identify its polarity with respect to a reference point. 

9. A voltage divider is a series circuit which employs a 
dropping resistor to provide a desired voltage output. 

10. When a dropping resistor is used to form a voltage 
divider, it must have a safe power rating. 

11. In all practical applications of a dropping resistor or 
voltage divider, voltage, current, and power require-
ments must be calculated to determine the proper value 
and rating of the required resistor. 

12. Symbols are used to represent components in schematic 
diagrams. 
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4 
DC Parallel Circuits 

Contained here is a 

What You thorough description of 
a DC parallel circuit. In-

Will Learn eluded are the basic paral-
lel connections, determina-

tion of total current and total resistance, the series 
equivalent circuit, current and voltage relationships, 
and typical applications of parallel circuits. You will 
learn how to identify parallel circuit networks, deter-
mine total current and total resistance, and develop 
series equivalent circuits. 

WHAT IS A PARALLEL CIRCUIT? 

A parallel circuit contains two or more basic circuits, each 
of which is connected to common terminal points. Two or 
more resistances, for example, may be connected together 
across the same voltage source. 

I' 11{.11,1,EI, CIRCUIT 

A string of Christmas-tree lamps which will permit one 
or more lamps in the circuit to be opened and still allow the 
others to operate properly is one example of a parallel cir-
cuit. Each lamp has the same voltage applied. 
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LAMPS IN PARALLEL 

115V 

115V 115V 
_ _ 

. - . - . . - 
- 
- - 
. - 

_ - 
. - - - , - - - , 

Another form of parallel circuit uses more than one volt-
age source in parallel to increase the availability of current. 
The greater the amount of stored energy available, the 
longer the source can produce a current at a given voltage. 

MORE BATTERIES— MORE AVAILABLE CURRENT 

Still another example of a parallel circuit is the filament 
circuit for the vacuum tubes used in automobile radios. The 
filaments are all connected in parallel, and either 6 or 12 
volts is applied to each. The tubes have either 6- or 12-
volt filaments, depending on the type of battery in the 
automobile. 
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VACUUM-T118E FILAMENTS IN PARALLEL 

HEATER S e\ 

bV 
OR 
12V 

In each case, you can see that all sources or all loads are 
connected across the same two points. This produces a cir-
cuit which has one common voltage applied to all loads. 
You have previously learned that in a series circuit all 

loads and sources are connected end to end. The same cur-
rent flows through all components, and the source voltage 
is divided among the separate loads. In a parallel circuit, 
all loads and sources are connected across the same points. 
Therefore, each load has the same voltage applied. 

Ql. In a parallel circuit, each resistance can 
same (voltage, current) but different 
current). 

Q2. In a series circuit, each resistance can 
same (voltage, current) but different 
current). 

have the 
(voltage, 

have the 
(voltage, 
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Your Answers Should Be: 

Al. In a parallel circuit, each resistance can have the 
same voltage but different current. With the same 
voltage across each load, current will equal the 
voltage divided by the resistance. 

A2. In a series circuit each resistance can have the 
same current but different voltage. 

AUTOMOBILE CIRCUITS 

•  

6V 
OR 
12V 

OF 

FRONT 

BRAKE 

LIGHT SWITCH 

o 

REAR 

PARKING  

D 

BRIGHT 

I DASH  

1 L 

BRAKE 

DOME 
LIGHT 

DOOR 
ACTUATED 
SWITCH 

DIMMER OFF 
SWITCH 

o ON 

HEAD 
LIGHTS 

LO HI 

AUTOMOBILE LIGHT CI " CUIT 

The diagram above is an example of a schematic for a 
lighting circuit in an automobile, and is also an example of 
a parallel circuit. Notice that fuses are used in the separate 
branches. This permits one circuit to short and blow its 
fuse while the other circuits remain energized. Notice that 
different switches are used for different jobs. The main 
light switch might be a rotary type (wafer). The stop-light 
switch is usually actuated by the same hydraulic fluid pres-
sure that applies the brakes. That is, the switch is a push-
button type that is spring-loaded to form a normally open 
circuit. When the brakes are applied, pressure builds up 
in the master brake cylinder, causing the stop-light switch 
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to close. The head-light dimmer switch is located on the 
floor of most cars. It is a push-button switch which remains 
in one position until pressed again. The dome light is 
switched on and off by either of two switches in parallel. 
One is a push-button type that is spring-loaded to stay nor-
mally closed, and is actuated by opening and closing the car 
door. When the door opens, the switch returns to its nor-
mally closed position; when the door is closed, it pushes the 
switch open. In parallel with this switch is a slide switch, 
sometimes a part of the dome-light fixture. 

SLIDE SWITCH 

<MOTION > 

T 

A 

o-

- 1̀3\,b-

A 

CURRENT FLOW IN A PARALLEL CIRCUIT 

Current in each branch of a parallel circuit must originate 
from the same source. This means that each branch will 
have a different current if the resistance of each branch is 
different. The source must supply current for each branch, 
so the total current is the sum of all the branch currents. 

Total Current Is the Sum of the Branch Currents 

Q3. What is common to all light circuits in a car? 

Q4. What sort of a load does a car battery have? 

Q5. The total current in a parallel circuit is the _ 
of all the branch currents. 

R3 
90 
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Your Answers Should Be: 

A3. The voltage source. 

A4. Since more than one circuit can be switched into 
use, the battery can have many different loads. The 
total load is the sum of the individual loads. 

A5. The total current in a parallel circuit is the sum of 
all the branch currents. 

Calculating Current in a Parallel Circuit 

To find the current in each branch of a parallel circuit you 
must apply Ohm's law; that is, E/R equals I for each branch. 
In the diagram on the preceding page, I, (branch 1) will 
equal 72/12, I2 (branch 2) will equal 72 36, and 13 (branch 
3) will equal 72 9. The current in branch 1, therefore, is 6 
amps; in branch 2 there is 2 amps; and in branch 3 there is 
8 amps. Total current supplied by the source is 16 amps. 

CALCULATING TOTAL RESISTANCE 

Since IT in a parallel circuit is equal to the sum of all the 
branch currents, RT is equal to E/IT. Also, IT equals the 
source voltage divided by RT, and I (any branch) equals the 
source voltage divided by the resistance of that branch. 

T E T E E 
= p - = 2 CUM 13 = 

R, R 11.3 

Substituting for IT, II (branch 1), etc. 

(1) IT = I ± 12 + 13 

E E E E (2) 
RT R1 R2 R3 

E can be any value you choose for the solution of RT. This 
leads to two possible methods of solving for R. 

First Process—RT can be found by assuming any value 
for E that is easy to work with. Then, divide each resistance 
into E to find I for each branch. 
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In the figure on the opposite page, select a value for E 
hat permits an easy solution for all branches. In this case, 
00 volts would be a likely selection. Therefore, E/R, = 
:/R0 = 10, and E/R3 = 13. II = 100/100 = 1 amp, 12 = 
00/200 = 0.5 amp, and 13 = 100/200 = 0.5 amp. Now, find 
he sum of the branch currents to determine IT. 

IT = 11 + 12 -I- 13 = la + 0.5a + 0.5a = 2a 
You now know IT for a selected E. All that remains in 
rder to find RT is to divide the assumed voltage by the 
mount of total current the parallel resistances allow to 
ow. 

RT = —E -- _100 = 50 ohms 
I 2 

The shorthand statement that describes all of the opera-
ions used in finding the total resistance (50 ohms) is: 

E 
RT = — 

I 

;ince, 

,nd, 

hen, 

EE E "I' — — + -- + — 
R, R2 R3 

E = 100 volts 

100  100 RT — — 50 ohms 
1+0.5+0.5 2 

Second Process—Looking at the expression IT = 11 + 12 
I- 13 and using its equivalent expression, E/RT = E/Ri ± 
i.:/lt, + E/R3, you can arrive at the same expression for RT 
.s before. 

E EE_L E 
RT — R1  1 R2 ' I3 

gow, follow these steps closely. 

(-)RT iU_ 4_ RE + RE3)RT s(rifieusltliapylyeTg) both •  
. ,E RT RT \ ___, tf, _L ± E E 1.-r) )RT (RT's on left cancel.) 

\Ri m R2 R3 
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(Divide both sides 
by IT and cancel 
the like quantities 
on right.) 

/E E E \ 
E  it-,," -F it-2+ TI)  

3'E E E E E E3 R T 

TI1 + T12 + if; TI2 -F E; 

4.  E  
RT 

E E 
RI -1- it-2 -1- R3 

R1 = 100 n, R2 = 200 n, R3 = 200 n, and 100 volts was pre-
viously selected for E. Now, substitute and perform the 
arithmetic to solve for RT. 

R 100V  T  
100V 100V 100V 
1009 200n 20012 

100V 
1 amp ± 0.5 amp + 0.5 amp 

100V  
— 50 ohms 

2 amp 

The two processes have led you to the common expression 
used in the field for the total resistance of a parallel circuit. 
("1" is used as the common value for E.) 

RT 
1 1 1 1 

TI1 + 11-2-F it-3+•••+ 

1 

This is called a reciprocal expression because there are 
operations in which a value is divided into one. You will find 
this true for many different mathematical operations. To 
improve your ability to apply them, examine such expres-
sions to determine the several arithmetic operations each 
contains. The development of mathematical processes is not 
often explained in technical literature. Difficult expressions, 
such as the reciprocal formula above, contain simple 
arithmetic steps that make the "shorthand" expression 
reasonable and meaningful. Find and analyze these steps. 
Acceptance or memorization is of little value unless you 
understand the reasoning behind each expression. 
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You should now review the entire process (the solution 
of RT) until all steps are clear and appear reasonable to 
you. Evaluate each new step with questions, such as, "Why 
perform this operation ?" or "What arithmetic operations 
are the symbols representing?" Remember that any opera-
tion you will ever follow is nothing more than arithmetic 

applied with logical rules and sequences. 
Many times you will be faced with a "new" mathematical 

expression (at least it will be strange to you). If you deter-
mine the answer to the two questions above, you will find 
there is a simple hidden reason or step. 
The question below asks you to find the solution for RT, 

using either process. If you do not use the reciprocal form, 
E can have any value you choose to select. Your selection 
should be one that permits simple number operations with 
arithmetic. A hint for the selection of E—always select a 
value for E equal to or larger than the largest resistance. 
Another hint—try to select a value for E which results in 
a whole number when divided by any value of R. Don't for-
get the Ohm's law relationship where RT = E/IT. 

Q6. What is the total resistance of the following 

circuits? 

D 
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Your Answers Should Be: 

A6. (a) Select E of 120V 

E _  120V  
IT 120V 120V 120V 

1202 + 30S2 4012 ± 

120V 120V 
RT =   =  = 15 ohms la + 4a + 3a 8a 

(b) Select E of 80V 

RT = 

E  80V  
RT-

IT 80V 80V 80V 
± — ± 80 8 16 

80V  80V 
RT = - - 5 ohms 

la + 10a + 5a 16a 

(c) Select an E of 390V 

R,T = 

RT-

E  390V  
IT — 390V 390V 390V 

130K + 390K + 195K 

390V 390V 
3ma + lma + 2ma — 6ma 

(d) Select an E of 120V 

RT — 
E =  120V  

IT 120V ± 120V ± 120V 
60 40 120 

120V 120V 
RT =  = = 20 ohms 

2a + 3a + la 6a 

= 65K 

Total R in a Two-Branch Circuit 

Another method for finding the total resistance of a two-
branch parallel circuit is the product-over-the-sum process. 
Given the values of two resistors in parallel, multiply one 

times the other and divide by the sum of the two. 

— RI X R2 
RT  

Ri + R2 
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The total resistance of the parallel circuit below is 24 
.hms. This can be determined by using the product-over-
he-sum process. 

o 

RT- ? 

o  

I R 1 1 R2 
600 

40 x 60 2,400 
RT = = = L,‘«± Ohms 

40 + 100 

E  E E(Ill X R2) 
RT — 

E ER2 + ERI E(R2 ± RI) 
R2 RI X R2 

To find the total resistance of a parallel circuit containing 
•esistors of equal value in parallel, all that needs to be done 
s to divide the value of one of the resistors by the number 
)f resistors in parallel. 
If a parallel circuit, for example, contains three 90-ohm 

•esistors, RT can be determined by dividing 90 by 3. 

90  
RT — 

90 90 90 
— — — 
90 90 90 

90 
1 + 1 + 1 

(selecting an E of 90) 

= —90 = 30 ohms 
3 

Q7. What is the total resistance of these circuits? 

R2 
4800 

R2 
450Q 

D 
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Your Answers Should Be: 

R X It» 60 >< 30 1,800 A7. (a) RT —  1 - 20 ohms 
Ri ± R, 60 + 30 90 

320 >< 480 153,600  
(b) RT —  192 ohms 

320 + 480 800 

160 (c) RT = = 40 ohms 
4 

(d) RT — 550 >< 450 247,500 _ 247.5 ohms 
550 ± 450 — 1,000 

Equivalent Resistance 

Just as in the series circuit, the resistances in a parallel 
circuit can be represented by an equivalent. The equivalent 
indicates the load (RT) which the source must work into. 
Since IT is the easiest unknown to find ( it is the sum of all 
the currents), it becomes a simple task to divide IT into the 
source voltage to find RT. 
By the same reasoning, it is easy to find the power that 

the source must supply. 

P = IE 

In this case: 

PT --= (II X E) ± (12 X E) ± (13 X E) = 1TE 

TYPICAL APPLICATIONS 

A parallel circuit is used where current is to be divided. 
This is similar to the action of the series circuit, except that 
voltage was divided. 
Current Meter—An ammeter is used to indicate the 

amount of current flowing in a circuit. Very often the meter 
used will be one that has a full-scale deflection, indicating 
an amount of current much less than the circuit current to 
be measured. There is a method of bypassing the meter with 
the excess current. This is called shunting the meter. With 
a shunt, the meter reads a percentage of the total current. 
This means normal current flows through the entire parallel 
network (consisting of the meter and shunt), with only a 
small portion flowing through the meter. 
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METER 
MOVEMENT 

— AN AMMETER 

2000Q WITH A SHUNT 
1- 2a —0.02 V --

Meleimmp SHUNT 

10, 000 000 I.LQ 

This meter has a movement with 2,000 ohms of resistance 
and is shunted by a 10,000 micro-ohm (0.01 ohm) resistor. 
This permits 10 /La of current to flow through the movement 
and 2 amps (minus the 10 pe) of current to flow through the 
shunt. These may not be the exact values for a particular 
multimeter, but all multimeters employ similar ratios. 

Q8. What is the total current in the following circuits? 

R4 
24. 5Q 

Q9. What is the power dissipated by each resistor and 
the total power for each circuit above? 
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Your Answers Should Be: 

A8. (a) IT = Il ± 12 ± 13 + 14 = 110/22 + 110/110 + 
110/220 ± 110/24.5 = 5 amps 1 amp ± 0.5 
amp ± 4.489 amps = 10.989 amps 

(b) I.. = 12/72 ± 12/60 + 12/25 = 0.167 amp 
0.2 amp + 0.48 amp = 0.847 amp 

(c) IT = 68/8.5 ± 68/5 = 8 amps + 13.6 amps = 
21.6 amps 

(d) IT = 6/12 6/30 + 6/40 = 0.85 amp 

A9. (a) P, = 5 x 110 = 550 watts; P2 = 1 X 110 =-
110 watts; P3 = 0.5 X 110 = 55 watts; P., 
= 4.489 X 110 = 493.79 watts; P., = 10.989 
X 110 = 1,208.79 watts 

(b) P, = 0.167 X 12 = 2.004 watts; P2 = 0.2 X 
12 = 2.4 watts; P2 = 0.48 x 12 = 5.76 watts; 
PT = 0.847 X 12 = 10.164 watts 

(c) P1 = 8 X 68 = 544 watts; P2 = 13.6 X 68 --
924.8 watts; PT = 216 X 68 = 1,468.8 watts 

(d) P, = 0.5 X 6 = 3 watts; P2 = 0.2 x 6 = 1.2 
watts; P3 = 0.15 X 6 = 0.9 watt; PT = 0.085 
X 6 = 5.1 watts. 

Switches in Parallel—Switches are connected in series in 
some cases and in parallel in others. 

OFF 

1 -• 

ON 

B OFF 

ON 

SEPARATELY 

ACTUATED 

SWITCHES 

IN PARALLEL 

As can be seen in the figure above, the switches can form 
a closed-circuit condition from P, to P2 if either one or the 
other or both are closed. To obtain an open circuit from P, 
to P2, both switches must be open. Another form of the 
parallel switch is the type which has two or more poles 
actuated by the same mechanical element. 
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A, 0_0 p 2 
, C,  

GROUP ACTUATED 1 1 
SWITCHES IN PARALLEL  DPDT 

The dashed line indicates that the two poles of the switch 

are actuated at the same time. 
The rotary action available in the application of the wafer 

switch permits many parallel operations. In the illustration 

WAFER SWITCH 

PARALLEL OPERATION 

1 

2 2 2 
O o o 
\ , , 

o', -, 4 o' , 3 \ 3 

4 \ 
o 

,  . 

A 

above, the switch has three wafers ( A, B, and C). Again, 
the dashed line represents mechanical connection whereby 
all wafers are actuated at the same time. In this case the 
switch is said to be a three- (triple) pole, quadruple-throw 
(four position), or TPQT (triple-pole, quadruple-throw). 
Batteries in Parallel—For heavy-duty operation, batteries 

of equal voltage are constructed with plates in parallel or 
connected with many cells in parallel. This means they 
require more charging current to become fully charged. Yet, 
in another sense, more current must be drawn to cause the 
batteries to be discharged. 

iTTERIE.s IN PARALLEL 
o   ADDITIONAL I I L ADDITIONAL „ FOR MORE I + 2V CELLS FOR BATTERIES - -+ =- in MORE POWER - Ti- Tà- POWER 
o   O 

Q10. What precautions must you take before connecting 
batteries in parallel? 

Q11. Could you use a lamp bulb for a shunt, or parallel, 
resistance in a circuit? How would you determine 
the resistance of the lamp? 
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Your Answers Should Be: 

A10. You must make sure all batteries to be connected 
in parallel have the same voltage. 

All. Yes, you could use a lamp for a shunt in a circuit. 
The wattage and voltage ratings permit you to 

calculate the resistance. That is , I =—E and then 

R = E 

WHAT YOU HAVE LEARNED 

1. A parallel circuit is a combination of two or more basic 
circuits connected to a common voltage source. 

2. Batteries may be connected in parallel to produce power 
for a longer time. 

3. Switches may be connected in parallel to form parallel 
turn-on operations; yet they all have to be turned off 
to open the circuit. 

4. Filaments in vacuum tubes may be connected across a 
common voltage source. 

5. Each branch of a parallel circuit may have a different 
current flowing through it. All branches will have the 
same voltage applied. 

6. To find the total current in a parallel circuit, you deter-
mine the sum of all the branch currents. 

IT = Il ± 12 -I- 13 . . . 

7 To find the total resistance of a parallel circuit, divide 
the applied voltage by the total current in the circuit. 

E 
RT 

IT 

8. If the resistance is the only factor known, you may use 
any value for E that permits simple arithmetic opera-
tions for determining the current in each branch. After 
the total current has been computed, the same value for 
E must be used to determine total resistance. 
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5 

Combined Series and 
Parallel Circuits 

This chapter contains 

What You applications of the series 
and parallel fundamentals 

Will Learn you learned in preceding 
chapters. You will now learn 

how to determine the direction of current flow in series-
parallel circuits. When you complete this chapter, you 
will be able to reduce combinations of series and parallel 
circuits to a series equivalent. Also you will be able to 
determine and compute currents and voltages in each 
part of the circuit, and to apply Kirchhoff's law properly 
when needed. A good understanding of the material in 
this chapter prepares you for complex electrical and 
electronic circuit examination, using a simple step-by-
step logical process. 

IDENTIFYING INDIVIDUAL CIRCUITS 

A basic electrical circuit consists of a source, a load, and 
conductors that connect the source to the load. The basic 
circuit was discussed in preceding chapters as if it were a 
loop. An applied voltage will cause a current to flow through 
a resistive element in a complete round-trip path. There are 
two ways to explain the direction of current flow—conven-
tional and electron. If you employ the conventional theory 
for current flow, you describe all electrical flow in terms of 
positive ions in motion. Electron flow (the concept used in 
this text) states that current is the movement of electrons. 
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According to this theory, electrons leave the negative termi-
nal of a source, move through the circuit, and return to the 
positive terminal. 

E ELECTRON CURRENT FLOW 

SERIES CIRCUITS 

A series circuit is a basic circuit with all electrical com-
ponents connected end to end. The key for determining the 
total voltage when there are two or more sources having 
different voltages and polarities is to find the potential dif-
ference between them. Next, assign the polarity of the 
larger voltage to the output terminals. 

In a series circuit the total resistance is calculated by 
finding the sum of the individual resistances. Current in a 
series circuit is found by dividing the source voltage by the 
total resistance. 

Since the total current (IT) is flowing through all resist-
ances, the voltage drop across a series resistance can be 
found by multiplying the current by the individual value of 
resistance. In other words, E = IR. The voltage drop across 
any resistance is equal to the current through the resistance 
multiplied by the value of the resistance. 

R1 R2 R3 

RT = R1 + R2 + R3 + Ri + R5 + R6 

T E 
= 

RT 
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A series circuit can have more than one source connecte( 
in such a manner as to aid or to oppose one another. 
+0  

14V 

18V 

AIDING 

5V 

8V 

112V 

9V 
-6V 

OPPOSING 

12V 

10V 

- 8V 

6V 

OPPOSING 

Ql. In which direction does current flow inside the 
source when the conventional current-flow theory is 
being employed? 

Q2. Draw a basic circuit and indicate the direction of 
current flow. (Use the electron theory.) 

Q3. Can a basic circuit be considered a series circuit? 

Q4. What is the total voltage at the terminals of the 
following sources? 

ET 

18V 

3V 

ET 

14V 

I 6V 

 I 12V 

ET 
16V 

I 3V 

1E1 
Q5. How does IT compare with the value of current 

through any one of the resistances in the following 
circuit? 

100V 

I = la 

 vv\., 

R3 

20Q 

R1 

50Q 
 vv\..  

R2 t 30Q 



Your Answers Should Be: 

Al. When conventional current theory is being em-
ployed, current will flow from the negative terminal 
to the positive terminal within the source. 

A2. 

A3. A basic circuit is a fundamental series circuit. 

A4. A. Negative to positive, bottom to top, 5 volts. 

B. Negative to positive, top to bottom, 2 volts. 

C. Negative to positive, top to bottom, 6 volts. 

A5. I, has the same value as the current through any 
of the resistances. 

Voltage Division 

When current flows through a resistance, a voltage can 
be measured across it. The voltage across each resistor in a 
series circuit is equal to the total current times the value 

14V 

P 2 
70 

_ 64V 

_ 34V + 

170 

of its resistance. That is, the 17-ohm resistor in the above 
circuit will have 34V (2 amps times 17 s) developed across 
it. The other voltages are determined similarly. Thus the 
voltage between P1 and P2 is 16V. 

16V 80 

PI 
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IR Drop 
What is another way of expressing voltage drop across a 

resistor? Since voltage equals IR, it may be called IR drop. 
This is the same as saying the voltage developed across RI, 
Ro, etc. The resistor voltage drops would be IR,, IR.», etc. 

ER3 • IR 3 

 esM,  
R3 
300 

5V 

E R2 " IR 2 

R2 

120 R1 

80 
E, 

E  5 
— R1 ± R2 ± R3 - 50 — 0.1 amp 

The voltage across RI equals M I, or 0.1 >< 8 = 0.8V. The 
voltage across R2 equals IR, = 0.1 >< 12 = 1.2V. The volt-
age across R3 equals IR3 = 0.1 >< 30 = 3V. The total IR 
drop is equal to the source voltage. 

0.8V ± 1.2V + 3.0V = 5V 

Q6. What is the voltage drop across the R1 resistors in 
the following circuits? 

A 

R2 

14Q 

26V 

IL p 

12Q 

46K 
Q7. What is the IR drop across each resistor in the 

following circuits? 

10K 

31V 

36Q 

LieR1 260 I _ 

28K 

57K 

20K 

I gm 
R1 200K 
+ 

360V--, — 
R2> 350K 
+ 
_ 

R3 170K 

Q8. How does the voltage drop across the 36-ohm re-
sistor affect the amount of voltage drop across the 
26-ohm resistor in (a) above? 
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Your Answers Should Be: 

A6. (a) 12 volts = 1 amp times 12 11. 

(b) 46 volts = 1 ma times 46K. 

A7. (a) IR1 = 13V, and IR2 = 18V (IT = 0.5 amp) 

(b) IR, = 40V, IR2 = 114V, and IR3 = 56V (IT = 
2 ma) 

(e) IR, = 100V, IR2 = 175V, and IR3 = 85V (IT --
0.5 ma) 

A8. The voltage across the 26-ohm resistor will be 
decreased from the source voltage by an amount 
equal to the voltage drop across the 36-ohm 
resistor. 

PARALLEL CIRCUITS 

A parallel circuit has two or more loads (resistances) con-
nected across a source. The current flow through each 
resistance depends on the amount of that resistance. The 
total load (RT) can be determined by dividing the source 
voltage by the total current. The total current equals the 
sum of the separate branch currents. IT == II (branch 1) 
+ 12 (branch 2) + etc. 

How does this compare to the series circuit? In a series 
circuit, the same current flows through all resistances, and 
thus a portion of the source voltage is dropped (proportional 
to the value of resistance) across each resistance. 

COMMON 
IN 

SERIES 
CIRCUIT 

E 
COMMON 

IN 
PARALLEL 
CIRCUIT 

A parallel circuit has a common supply voltage, and 
thus a possible different current through each resistance 
(branch), depending on the value of the resistance. 
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These two factors must be remembered in all operations 
;oncerned with calculations in both series and parallel cir-
mits—to work problems in series circuits, employ the com-
mon current as the working component of Ohm's law along 
with the different resistances; to work problems in parallel 
ircuits, employ the common voltage as the working com-
ponent of Ohm's law. Let a parallel circuit with two resistors 
serve as an example. 

E E 
(1) = = — 

E E IT 
m R2 

This can also be stated as: 

RI X R2 
(2) RT 

4- R2 

If all resistors are equal: 

R (value of one resistor)  
(3) RT — 

the number of resistors in parallel 

150Q 

Using ( 1) : 

150V  150V  
RT — 

150V , 150V , 150V la ± la + la 
150 1- T5-0— 1- —1-5-0-

150V 
RT = --3a— = 50 ohms 

However, using (3) : 

RT = 150 = 50 ohms 
3 

Q9. When working problems from a schematic, what 
value of resistance do the conductors have? 
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Your Answer Should Be: 

A9. The conductors are considered to have a zero resist-
ance, unless otherwise stated, when working prob-
lems from a schematic. 

1 r— ce 
12V = 
j-.) 72V 

I - O. 166 M> 

SERIES AND PARALLEL COMBINATIONS 

From the basic series and parallel circuits there are many 
combinations possible which will contain both series and 
parallel characteristics. The diagram below demonstrates 
the two in combination. 

El 
64V 7{- IT 

minimum> 
I1 f 

4 

eiC R 3 

5K 

11K 

The first parallel branch consists of two resistors in series 
(R, and R..). The second parallel branch contains two more 
resistors in series (R3 and R4). Many solutions can be 
derived from the problems which may stem from such 
arrangements. For instance, the first branch resistance is 
determined by finding Iti• for the series circuit. The second 
branch resistance is determined by the same process. The 
total resistance can be determined by employing the RT = 
E/IT expression. In this case, IT would be the result of the 
sum of I, in branch 1 plus Io in branch 2. This is the parallel 
circuit process. 
The possible routes of solution for the circuit above may 

be evaluated using many processes. The best approach is 
always the direct application of Ohm's law expressions. In 
this case, R. = M T. E is known but IT must be deter-
mined. IT = II ± I9. II = E/RT for branch 1, and 12. =-
E/RT for branch 2. Since they are series branches, RT is 
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the sum of the resistances. That is, RTI = R1 + R. for 
branch 1, and RT.= R3 ± R4 for branch 2. 
The total resistance of each branch can be used to find 

the branch currents, the branch currents to find the total 
circuit current, and the total circuit current to find the 
total circuit resistance (RT). Other combination circuits 
may take on almost any form. The forms are limited only 
by the designer's need to construct a circuit which will 
perform a specific function. 
Another example of a combination circuit is shown below: 

R3 100K 

RI 150K 11 12 
R2 300K 

To find the effective load for the 300V source, RT must 
be calculated. One approach for finding RT is to first find 
the total resistance for the parallel branch (R1 and R2) ; 
then the sum of the total parallel resistance plus R3 should 
be found. After the total resistance has been determined, 
the total current can be calculated. 
The total resistance for the parallel combination of R1 

and Ro may be found by employing the product-over-the-sum 
process. That is: 

R1 X  R2 150K X 300K  
RT1 = — 100K 

R1 + R2 150K + 300K 

for the parallel branch. The final series-circuit resistance 
becomes RT = 100K 100K = 200K. The total current for 
the entire combination is 300V/200K, or 1.5 ma. 

Q10. What is the total resistance in the circuit on the 
opposite page? 

Q11. What is the total current in the circuit on the 
opposite page? 

Q12. What is the voltage drop across R4? 

Q13. Draw the equivalent circuit. 
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\ our Answers Should Be: 

A10. RTI = R1 plus R2 for branch 1. RT2 = R3 plus R4 
for branch 2. 

RTI = 9K -I- 7K = 16K for branch 1. 

RT2 = 11K ± 5K = 16K for branch 2. 
Total resistance equals 16K/2 = 8K. 

All. IT = E/RT = 64V/8K = 8 ma. 

Al2. The voltage drop across R4 equals IR4 = 4 ma X 
5K = 20V. 

A13. 

64V #—. 

I I • 8 ma 

EQUIVALENT 
LOAD 

+ 
64V 

_ RI- - SK 

The voltage drop across R3 (diagram on preceding page) 
is equal to IR3. IR3 = 1.5 ma x 100K = 150 volts. The 
voltage common to both Ri and R2 is the source voltage 
minus the voltage drop across R3. This results in a voltage 
of 150 volts across the two resistors in parallel. Ri will have 
1 ma of current flowing through it. R2 will have 0.5 ma of 
current flowing through it. The total current of the branches 
(and the circuit) will equal 1.5 ma. The equivalent circuit 
would consist of a 300-volt source connected to a 200-ohm 
load. 
The illustration on the next page, under Question 14, 

shows another example of a combination series-parallel cir-
cuit. Included in this illustration is a method recommended 
for converting this type of circuit to an equivalent series 
circuit. This conversion simplifies the calculations. 
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Q14. If a 100-volt source is applied to the circuit below, 
what will be the voltage drop across R.? What will 
be the current flow through R4? 

30 X 60  
RT1 30 + 60 20Q 

40 X 60  
RT2 40 4. 60 24Q 

RT = RI + Rn+RT2 + R6 

16Q+20t2 + 4Ç3 + 4 0S2 
=1CNX2 

Q15. What is the voltage drop across each resistor in 
the following circuits? 

I300V 

R4 
40Q 

90Q 

60Q 

Ri < 
8.13Q 

1500 

R6 < 

70Q .5. 

LOOP 2 

6V — 

R5 

6S2 

4Q 

2.4Q 
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Your Answers Should Be: 

A14. The total current will be 1 ampere. The current 
through R4 will be 0.6 amp. So, E14 = 24V. 

A15. (a) To find the voltage drop across each resistor, 
you must find the current through each 
branch. In this case, total current is of no 
concern. 

BRANCH 1: 

BRANCH 2: 

300V 300V 
114 ± 112 150S2 

= 2 amps 

IR = 2a X 609= 120V 
1112 = 2a X 902 = 180V 

300V 300V 
Loop 2 = 

R3 + R4 — 1500 
= 2 amps 

1113 = 2a X 1009 = 200V 

1114 = 2a X 409 = 80V 
BRANCH 3: 

IR, will equal the supply voltage (300V). 

BRANCH 4: 300V 300V 
I loop 2 = = 

R6 ± R7 1509 
= 2 amps 

1116 = 2a X 709 = 140V 
IR, = 2a X 809 = 160V 

(b) To find the voltage drop across each resistor, 
proceed as follows: 

RI X R2 3 X 2 
== 1.29 

± R2 — 3 -I- 2 
114 X 116 4 X 6  

= 2.49 
- R4 ± 115 - 4 + 6 

RT (loop 1) 

R T ( loop 2) 

'IT = RT(lool, 1) ± R3 ± RT (loop 2) 
HT = 1.29 ± 2.49 2.49 = 69 

E 6V . 
IT = r—Cr = = i amp 

i) -- la X 1.29 = 1.2V 

IR (toop 2) = la X 2.49 = 2.4V 
1113 = la X 2.49 = 2.4V 
IRT = 1.2V + 2.4V + 2.4V = 6V 

142 



KIRCHHOFF'S LAW 

Kirchhoff's law defines the distribution of currents and 
voltages within an electrical circuit. This law is used as a 
method of checking to see if you have assigned the proper 
direction for current flow and to see if your arithmetic is 
correct. It consists of two parts—one for voltages and one 
for currents. You will find this law a very useful tool when 
the direction of current is in question and or when the total 
voltage or current is to be determined. 

Primarily, Kirchhoff's law is a complete circuit application 
of Ohm's law. It makes use of Ohm's law many times in 
some circuits. Because of this application and the unique 
methods employed in handling points in the circuit—one 
with respect to another—you should master every process. 

Voltage Applications 

Upon determining voltage and polarity for each source 
and across each resistance, choose a point in the circuit and 
assign a direction of current flow. Find the algebraic sum 
of all the IR drops plus the source, from the chosen point, 
around the entire circuit and return. It should be zero. 

R2 14Q 

E 27V 

• P1 

The sum of voltages in the loop from point 1 back to point 
1 is zero. The current was assumed to be in the correct direc-
tion, and IT and the IR drops were calculated properly. 

A(//fee gaffe 
e01774,CE Id' 

ASSUMED DIRECTION OF I c 

PI 

R1 R2 E 

13Q 14Q 27V 

IR I+IR2+E-7 

(-13V)+(-14V)+1+27V)=2 
-27V+27V-0 
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Another look at the same circuit, with an opposite direc-
tion of current assignment, is as follows. 

ASSUMED DIRECTION OF I 

E 

PI 
27V 

R2 

140 

E+IR2+IR 1•? 

(-27V)+(-14V)+(-13V)--54V 

R 
—  
•s/V%.--
130 

The sum of the voltages in the loop from point 1 back to 
point 1 equals —54V. Therefore the current was assumed to 
be going in the wrong direction. 

PI 

R1 

70 

El • 65V 

R4 

60 

E2 

35V 

E3 

  -  
40V 

R2 
NAA,  
140 

R3 e8Q 

(1) ET. + El - (+ 40V) 4- (-35V)+1+65V1-+70V 

(2) RT • 60 + 80 + 140 + 70 - 350 

ET 7TAI 
131 I • —Fr- • —3-5—n • 2a 

141 (-IR41+(+E3H-IR3)+1-1R2)+1-E21+1-IRI)+1+Eil-? 

Calculating the IR drop across each resistor: IR4 = 12V, 
IR3 = 16V, IR, = 28V, and M I = 14V. Kirchhoff's applica-
tion (4) above: —12V + 40V — 16V — 28V — 35V — 
14V ± 65V = ? 105V — 105V = OV. 
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Current Application 

Finding the sum of the voltages around the circuit for the 
series network is one basic application of Kirchhoff's law. 
Finding the sum of the currents is another application and 
is the process employed in a parallel circuit. Kirchhoff's 
current law states that the current flow away from a given 
point in a circuit must equal the current flow to that point. 

Q16. What is the ET for the following circuit? 

Q17. What is the RT for the following circuit? 

Q18. What is the I for the following circuit? 

Q19. Write the complete Kirchhoff expression for the 
following circuit, starting at P. 

R5 R 4 E 3 

I 60 70 
16V 

E 1 64V 

500 

Pl 
R1 E 2 MU* R 2 

210 
32V 120 

Q20. Write Kirchhoff's current expression for the fol-
lowing circuit. 

1280 

Q21. What is the voltage at point 1 and the current 
through R (dropping resistance) for the following 
circuits? 

150K 1.5M 
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Your Answers Should Be: 

A16. ET = 64V — 32V + 16V = 48V 

A17. RT = R1 + R2 + R3 + R4 + R5 = 2111 + 121-2 + 
50n + 7n + 6n = 96n 

A18. I — ET/RT = 48V/96o = 0.5 amp 

A19. — E2 — 1R2 — IR3 E3 — IR4 — IR5 + 
E1 = —10.5V — 32V — 6V — 25V + 16V — 
3.5V — 3V + 64V = OV 

A20. IT = 11 ± 12 ± 13 
E/RT = E/Ri E/R2 E/R3 

256V/3212 = 256V/1289 ± 256V/6412 ± 256V/12852 
8 amps = 2 amps + 4 amps + 2 amps 

A21. IT = 300V/RT 
R RI X R2 ± R 
1 RI + R2 d 
RT = 28.6K for (A) ; RT = 29.8K for (B) 

IT = 10.49 ma for ( A); IT = 10.06 ma for (B) 

Voltage at 13, = 300 — (15K x 10.49 ma) = 300 
— 157.35 = 142.65 volts for (A) 

Voltage at 131 = 300 — ( 15K X 10.06 ma) = 300 
— 150.9 = 149.1 volts for (B) 

APPLICATION 

Some circuits have their components connected in series, 
others have a parallel-circuit form. Still others are different 
combinations of series and parallel circuits. Combination-
type circuits are the most widely used arrangements. These 
arrangements often are a result of switching action or of 
variable resistance. When such applications need to be con-
structed or examined, you need a good command of Ohm's 
and Kirchhoff's laws. One example is shown below. 

1 
MEG 
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The output voltage ( across R„,11) equals 3V — ITR2, IT ---- 

3V/RT, and RT R 1 >< R out ± R2. Another method or ap-
R, 

proach would be to find IR„„,. This would require calculating I. 

I — 

The following diagram is an example of resistor voltage 
division. The goal in this case is to control the current 
through the two paths. 

'OLT. 11;Fj 

1)11 IDER 
8 
2 W 

If the wiper of the potentiometer is centered, the resist-
ance from either side to ground will be equal. 
The following circuit is another example of a variable 

voltage output, presenting to the source a constant or near-
constant resistance. With the wiper centered on both rheo-

stats, the output voltage is approximately 2.5 volts. 

35Q  R T -35Q+  
35 x700QQ +700Q 

= 350 + 33. 30 = 68. 3Q 

5V  IT - -0 073a mp - 73 ma 
68.3Q 

The voltage across R, will equal 73 ma times 35 ohms, or 
2.555 volts. This leaves 2.445 volts for the output. Dividing 

2.445 volts by R3 equals approximately 3.49 ma. 

Q22. Solve for the current through the output resistor 
in the potentiometer circuit on the opposite page, 
with the wiper arm first at the top of the 500K 
potentiometer and then in the center (as shown). 

Q23. What would be the total current in the potentiom-
eter circuit at the top of this page? (Assume the 
wiper is in the center of the potentiometer.) 

Q24. What will be the total resistance in the same cir-

cuit if the wiper is all the way to the left? 
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Your Answers Should Be: 

A22. If the wiper is all the way to the top, the output 
voltage will be 3 volts. Therefore the current will 
be equal to the 3 volts divided by 1 megohm of 
resistance. This results in 3 ita of current flow. 
The total resistance across the source at this time 
will be 333K. If the wiper were in the center posi-
tion, the total resistance would be 450K. This 
results in 6.66 /La of current flow. The current flow 
through R2 (250K) causes 1.68 volts to be dropped 
across R2. The resulting output will be 3V — 
1.68V, or 1.32V. 

A23. The total current for the circuit would be 2 volts 
divided by the total resistance. IT = 2V/RT 
(RT = 8 ohms plus 8 ohms divided by 2). 

80 80 

The total current will equal: 2V/8n = 0.25 amp 

A24. If the arm is all the way to the left, the total 

resistance will equal: 8 >< ( 16 8) 6n. IT 
8 (16 + 8) 

for this setting is 2V/6n = 0.33 amps. 

WHAT YOU HAVE LEARNED 

1. The basic circuit is a series circuit. 

2. The series circuit has the same current through all 
components. 

3. The parallel circuit has the same voltage across all 
branches. 

4. IR drop is determined by multiplying the value of a 
resistance (in ohms) by the value of the current (in 
amps) flowing through it. 
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5. In a series circuit the total IR drop across the resist-
ances is equal to the effective total source voltage. 

6. The sum of the branch currents in a parallel circuit is 
equal to the total current of the circuit. 

7. Both series and parallel solutions may be employed 
when solving for current, voltage, or resistance in com-
bination circuits. 

8. Kirchhoff's law is an application of Ohm's law. 

9. Kirchhoff's law for series circuits states that the sum 
of all voltages around a circuit, from one point through 
the circuit and back to the point, will be equal to zero. 
In addition, the sum of all the voltage drops will equal 
the effective voltage of the source. 

10. Kirchhoff's law for parallel circuits states that the 
amount of current leaving a junction must be equal to 
the amount of current entering the junction. 

11. The total voltage of the source will be the product of 
RT times IT. 

12. In a series circuit, the Kirchhoff's law application 
results in zero if the direction of current is assumed 
correctly. 

13. If the current is assumed to be going in the wrong 
direction, the result is equal to twice the effective 
voltage of the source. 
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Electromagnetism 

This chapter explains 
What You the principles of magnet-

ism for DC applications. 
Will Learn It includes a description 

of magnetism, natural mag-
nets, electromagnets, magnetic properties and relation-
ships, magnetic measurements and associated terms, and 
DC applications of electromagnetic principles. The DC 
applications include the effects of magnetic fields on cur-
rent flow and electrical reactions associated with relays, 
motors, etc. 
The fundamental characteristics and typical applica-

tions of DC electromagnetism are employed in electrical 
machinery, radio equipment, laboratory and test equip-
ment, automotive devices, television, radar equipment, 
computer systems, and many others. 
When you complete this chapter you will be able to 

visualize and describe magnetic principles for both per-
manent magnets and electromagnets, perform experi-
ments and describe the actions and reactions observed, 
and relate the operating principles of relays, motors, 
solenoids, and meters to electromagnet fundamentals. 

HISTORY OF MAGNETISM 

During the ancient period in the world's history, in a dis-
trict in Asia Minor known as Magnesia, the Greeks noticed 
that a lead-colored stone had an attraction for small par-
ticles of iron ore. 
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In later years the Chinese made use of this stone in their 
desert travels. They suspended the stone or floated it on 
water and called it loadstone, meaning "leading stone." 
Loadstone (also spelled lodestone) is a natural magnet, 
because it possesses magnetic properties when found in its 
natural state. At the present time the most common method 
of producing electricity is through the use of the magnetic 
properties of certain materials. 

LO E 

WHAT IS MAGNETISM? 

The dictionary defines magnetism as "a peculiar property 
possessed by certain materials by which they can naturally 
repel or attract one another according to determined laws." 

In order to provide a better understanding of magnetism 
it will be necessary to look further into this definition and 
study the properties, circumstances, and laws referred to. 
Magnetism is actually a force which cannot be seen, 

although you can witness the effects of magnetism on other 

materials. 

THE MAGNET 

We have already discussed one magnet, the loadstone, as 
being a natural magnet found in the earth. Magnets manu-
factured today are much stronger than the loadstone. 

Iron, cobalt, and nickel are used in the manufacture of 
artificial magnets. Iron is easy to magnetize, but loses its 
magnetic properties almost immediately after the magnet-
izing force is removed. Steel is harder to magnetize, but it 
holds its magnetism over a greater period of time after the 

magnetizing force is removed. 
The Chinese learned that when the loadstone was sus-

pended or it was floated on a liquid, one end of the stone 
always pointed in a given direction. Today we know that 
any magnetic or magnetized material, when suspended or 
floated, aligns itself with the earth's magnetic field. The 
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end of the magnet or magnetized material that points toward 
the north pole of the earth is called the "north-seeking" pole 
or "north pole"; the opposite end is called the "south-seek-
ing" pole or "south pole." 

LOAD STONE TUB OF WATER 

Since magnetism is more pronounced in iron and its alloys 
than in most other materials, we will take a close look at 
an atom of iron. 

AN A OM OF IRON 

Notice that the majority of electrons in orbit around the 
nucleus appear to be traveling in the same direction. This 
is the first clue as to why certain materials are easy to 
magnetize while other materials are almost impossible to 
magnetize. If you could take a close look at the atoms in 
a material that cannot be magnetized, you would see that 
the electrons in orbit appear to be traveling in different 
directions; they will cancel out each other's magnetic effects, 
thus preventing any external magnetic field. 
You have learned that any magnet or magnetized material 

has a north-seeking and a south-seeking pole. One impor-
tant characteristic possessed by magnets is that if the north 
poles of two magnets are brought near each other, they 
repel one another. This also occurs if two south poles are 
brought near each other. 

Ql. Write the definition of a molecule. 

Q2. How do like charges affect each other? 
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Your Answers Should Be: 

Al. A molecule is the smallest particle of any substance 
that still retains the physical characteristics of 
that substance. 

A2. Like charges are repelled by each other. 

Magnetic Molecular Alignment 

If you were able to view the molecules inside a block of 
unmagnetized iron, you would see the total disarrangement 
of the molecules. 

ertr-) 

elZ) eeZ:) 

MOLECULES IN 
AU GNMENT 

MOLECULES IN 
DISARRANGEMENT 

Each molecule within a bar of iron has its own north-
seeking and south-seeking poles. Although the magnetic 
strength of a single molecule is very weak, there are many 
millions of molecules in a very small piece of metal. When 
magnetically aligned in the same direction, they can develop 
a strong magnetic field. This is known as the molecular 
theory of magnetism. 
To magnetize a bar of iron, stroke the bar with a material 

known to be a magnet. Let us assume you choose to apply 
the north pole of the magnet to the iron. In the illustration 
below, stroke the iron bar from left to right. 

MOTION 

f  
BAR N 

MAGNETIZING AN IRON BAR 

Note that in stroking the iron bar, the same pole of the 
magnet is always applied to the iron bar and the stroking 
action is always in the same direction. Make sure the mag-
net is lifted free of the bar at the end of each stroke. 
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An alternate method of magnetizing an iron bar is to 
apply the magnet at the center of the bar and stroke in 
one direction. After half of the bar is magnetized, reverse 
the magnet and, again starting at the center, stroke the iron 
bar in the opposite direction. 

S 

N 

MOTION 

N BAR S 

MOTION 
N 

N BAR 

A steel bar can be magnetized in exactly the same way. 
Steel requires a greater force to align its molecules and 
therefore takes longer to magnetize. However, steel retains 
its magnetic properties for a much longer time than iron. 
Because steel retains its magnetic properties, it is con-

sidered to have a high retentivity (the property of any 
material to remain magnetized). 

Other Methods of Magnetizing Metal 

Whenever a piece of iron or steel is placed in a magnetic 
field, it assumes the properties of the magnetic field. 

MAGNETIC 
FIELD 

You probably know the danger to your watch if you wear 
it when working near magnets. Many watches made today 
are said to be nonmagnetic. This doesn't mean that you can 
lay your watch on a strong magnet with safety, but it does 
mean that the watch is shielded from ordinary magnetic 
fields (lines of force surrounding a magnet). 

Q3. What is the retentivity of iron as compared with 
steel? 

Q4. What is meant by a magnetic field? 
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Your Answers Should Be: 

A3. The retentivity of iron is very low. 

A4. A magnetic field is the pattern of lines of force 
that surround a magnet. 

Magnetic Lines of Force 

All magnets have invisible force lines surrounding them. 
These lines leave the north pole of a magnet, form a loop, 
and enter the south pole of the magnet, completing the loop 
inside. These loops run parallel to each other inside the 
magnet and never cross or unite. 

ARROWS ILLUSTRATE THE PATHS 
OF MAGNETIC LINES OF FORCE 

The lines formed by the magnetic loops are called mag-
netic lines of force. The area occupied by these lines is 
called the magnetic field. The magnetic field is the induced 
energy surrounding the magnet or the space through which 
the influence of these magnetic lines of force can be meas-
ured. The strength of the magnetic field is measured by 
determining the number of magnetic lines of force per unit 
area surrounding the magnet. 
These lines are invisible ; therefore, you may wonder how 

their total number can be determined or what pattern they 
form. A simple experiment that you may wish to perform 
will answer these questions and enable you to see these 
lines for yourself. 

Magnetic Field Pattern Demonstration 

You will need: 

1. A bar or horseshoe magnet. 

2. A piece of glass or clear plastic about 12 inches square. 

3. A small can of iron filings. 
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Place the glass or plastic sheet over the magnet and 
sprinkle a small amount of iron filings ( about a thimble 
full) over the magnet area on the surface of the sheet. Tap 
the sheet and notice how the iron filings form a definite 
pattern similar to that shown in the figure below. 

IRON FILINGS 

IRON FILINGS 

I 

It was stated previously the lines of force were invisible 
but that you could see their effects. Notice the heavy con-
centration of iron filings near the poles of the magnet. 

It is possible to magnetize an iron or steel bar by stroking 
it with a magnet. A steel bar or rod can also be magnetized 
by placing it parallel to the earth's magnetic field and 
striking it several sharp blows with a hammer. The force 
from these blows causes the molecules in the bar or rod to 
change positions and to align themselves with the earth's 
magnetic field. If a screwdriver becomes magnetized, strike 
it on a hard surface a few times. Providing its original 
magnetic properties were rather weak, this striking will 
rearrange the molecules and demagnetize the screwdriver. 
Be sure the screwdriver isn't held parallel to the earth's 
magnetic field as it strikes the hard surface. 

Heating, as well as jarring, reduces the magnetism of any 
material. When iron is heated above 770`C, it can no longer 
be magnetized or hold any magnetism. Heating a material 
accelerates the movement of the molecules, and this action 
causes the molecules to rearrange their alignment. 

Q5. How is the strength of the magnetic field around a 
magnet determined? 

Q6. What part of a magnet has the greatest magnetic 
attraction for a steel bar? 
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Your Answers Should Be: 

A5. The number of lines of force per unit area around 
a magnet indicates its magnetic field strength. 

A6. The area around either pole has the greatest influ-
ence on a steel bar. 

Magnetic Poles 

The path of magnetic lines of force can be controlled. The 
lines of force concentrated at the poles of the magnet are 
much closer together than those surrounding the magnet. 
This is true because magnetic lines of force always take the 
path of least opposition. Iron or steel offers less opposition 
to these lines of force than air or other nonmagnetic mate-
rial. This principle can be used to advantage. If an iron 
or steel ring is placed around a watch, the magnetic lines 
will follow a path through the ring and will not pass through 
the watch. This method of diverting magnetic lines of force 
is called magnetic shielding. 

METAL (STEEL) RING 
\ 

MAGNETIC 51-11EIDING 

The minimum number of poles a magnet can have is two— 
a north-seeking pole and a south-seeking pole. It is possible, 
however, for a magnet to possess more than two poles. 

END 
POLE 
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The poles between the ends of a magnet are called conse-
quent poles. Notice there are magnetic fields existing be-
tween the consequent poles and the end poles. These fields 
are the same as the field that exists between the end poles. 
The magnetic lines of force leave a north-seeking pole and 
enter a south-seeking pole. 

TYPES OF MAGNETS 

Basically, there are two types of magnets—permanent and 
temporary. As their names imply, one magnet retains its 
magnetism for a long period of time (years in some cases), 
and the other loses its magnetism almost as soon as the 
magnetizing force is removed. Manufactured magnets are 
called artificial magnets since the only natural magnet is 
the loadstone. Incidentally, a loadstone is very weak com-
pared to a manufactured magnet; therefore, a loadstone has 
very few applications. 

Applications 

The types of magnets which have been discussed are 
widely used in speakers, meter movements, and magnetic 
compasses. You may wonder about the third use since a 
magnet deflects the needle of a compass. A compass installed 
on most boats, cars, or airplanes is usually surrounded by 
metal. This metal is affected by the earth's magnetic field. 
Small bar magnets, called compensating magnets, are placed 
around the compass to counteract the effects of the earth's 
magnetic field on the surrounding metal. This makes it pos-
sible to use the compass in such places. 

Q7. Magnetic lines of force always take the path of 
 opposition. 

Q8. Diverting magnetic lines of force is one method of 
magnetic  

Q9. What is the minimum number of poles a magnet 
can have? 

Q10. The poles between the ends of a magnet are called 
  poles. 

Q11. Magnetic lines of force leave the  pole and 
enter the pole. 
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Your Answers Should Be: 

A7. Magnetic lines of force always take the path of 
least opposition. 

A8. Diverting magnetic lines of force is one method 
of magnetic shielding. 

A9. Two. 

A10. The poles between the ends of a magnet are called 
consequent poles. 

All. Magnetic lines of force leave the north pole and 
enter the south pole. 

Horseshoe Magnets 

The magnets used in meters are shaped like a horseshoe. 
By bringing the two poles close together, the lines of force 
are concentrated and thus provide a much stronger mag-
netic field. 

Care of Magnets 

Magnets that are not properly cared for lose their mag-
netic properties over a period of time. How much magnetism 
is lost depends on many variables—how the magnet was 
originally magnetized, how it is used, where it is used, etc. 
When a horseshoe magnet is not in use, a soft iron bar 
should be placed across the poles. This bar will provide a 
path for the magnetic lines of force, and the magnet will 
retain its magnetic properties for a much longer period. 
The iron bar used for this purpose is called a keeper. Bar 
magnets should be stored parallel to each other with unlike 
poles together. 

160 



STORING MAGNETS 

In some cases, it is important for the magnet to maintain 
a specific magnetic force over a long period of time. When 
this function is necessary, magnets are put through a 
process of aging during their manufacture. This is done by 
placing the magnet in an oven and subjecting it to controlled 
temperature changes and to vibrations. This process causes 
the strength of the magnet to remain nearly constant for a 
long period of time. 

Reluctance 

Some materials offer less opposition to magnetic lines of 
force than do others. In magnetic circuits this opposition is 
called reluctance. 

In the study of electrical circuits, you learned that electro-
motive force causes current to flow in a circuit and the flow 
of that current is limited by resistance. There is also a mag-
netic circuit in which the magnetic lines of force form closed 
loops, called flux loops. The force that produces these flux 
loops is called the magnetomotive force ( mmf). The oppo-
sition to the flux loops is called reluctance. Notice the sim-
ilarity to the electrical circuit. In a magnetic circuit the 
magnetic lines of force always take the path of least reluc-
tance. This is why the magnetic lines followed the steel ring 
around the watch discussed previously. The steel ring offered 
less reluctance than the air and the nonmagnetic metal of 
the watch in the center of the ring. 

Q12. The opposition that some materials offer to mag-
netic lines of force is called   
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Your Answer Should Be: 

Al2. The opposition that some materials offer to mag-
netic lines of force is called reluctance. 

Magnetic Flux 

An expression for determining the amount of flux present 
in a magnetic circuit is: 

flux magnetomotive force 
reluctance 

Flux varies directly with the magnetomotive force and 
inversely with the reluctance. This is the Ohm's law expres-
sion for magnetic circuits. Compare the two formulas. 

Current — electromotive force 
resistance 

Magnetic flux is the total number of magnetic lines exist-
ing in a magnetic circuit or extending through a specific 
region. The symbol for magnetic flux is the Greek letter 
o (phi). One magnetic line of force is equal to 1 maxwell. 
The concentration of these magnetic lines determines the 

flux density. The symbol for flux density is B, and the unit 
of measurement is the gauss. One gauss is a flux density of 
one line of force per square centimeter. 
The degree of flux density between the poles of a horse-

shoe magnet is directly proportional to the area of the air 
gap between the poles. The force of attraction or repulsion 
between the poles varies directly with the strength of the 
poles and inversely with the square of the distance separat-
ing them. This force can be determined as follows. 

P X F 1 P 2 
Ii.d2 

where, 

F is the force between poles in dynes (unit of force), 
P1 and P2 are the strengths of the two poles, 
d is the distance in centimeters between the poles, 
1.4. is a constant that depends on the medium between the 

poles. It is 1 for air and greater than 1 for other 
mediums. 
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To find the total number of flux lines, multiply the flux 
density ( in gausses) by the area ( in square centimeters). 
Certain materials have more opposition ( reluctance) to 

magnetic lines of force than others. It is therefore true that 
some materials allow magnetic lines of force to pass more 
easily than others. The ease with which magnetic lines of 
force pass through a material is known as permeance, the 

reciprocal of reluctance (permeance —  1  ). Any 
reluctance 

substance that allows the magnetic flux to pass with little 
or no opposition is said to have a high permeability. Iron, 
for example, has a high permeability. High-permeability 
materials can be easily magnetized, but they will not retain 
their magnetism. Permeability varies with the intensity of 
the magnetic field in which the material is located. 

It is also possible to determine the flux in any material by 
multiplying the magnetomotive force by the permeance. 

flux = mmf >< permeance 

Not all materials can be magnetized. Actually, materials 
can be broken down into three classifications—diamagnetic, 
paramagnetic, and ferromagnetic. Diamagnetic materials 
are those that normally cannot be magnetized. Paramag-
netic materials are those that are difficult to magnetize. Fer-
romagnetic materials are those that are relatively easy to 
magnetize. Some ferromagnetic materials are iron, cobalt, 
nickel, silicon steel, and cast steel. 
A diamagnetic material is extremely difficult to magnetize 

and has a permeability of less than 1. A paramagnetic mate-
rial is also difficult to magnetize, but has a permeability of 
slightly greater than 1. A ferromagnetic material is easily 
magnetized, and its permeability is quite high. 

Q13. If there are 3,000 magnetic lines of force passing 
through a magnet, what is the magnetic flux? 

Q14. If there are 2,700 maxwells in a cross-sectional 
area of 9 square centimeters and the lines are 
evenly spaced, how many maxwells are there in 1 
square centimeter? 

Q15. In an area of 5 square centimeters the flux density 
is 6,000 gausses. How many flux lines pass through 
the area? 
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Your Answers Should Be: 

A13. The magnetic flux is 3,000 maxwells. 

A14. There are 300 maxwells in 1 sq. cm. 

A15. 30,000 flux lines pass through the area. 

ELECTROMAGNETS 

There is another type of magnet that has a wide range of 
applications in electricity. This is the electromagnet. The 
dictionary defines an electromagnet as "a bar of soft iron 
that will become a temporary magnet if an electrical current 
is caused to pass through a wire coiled around it." 
Electromagnetism was first discovered by Hans C. Oersted, 

a Danish scientist, in 1820. Oersted found that a needle 
placed near a wire would deflect when current passed 
through the wire. Further experiments led to the discovery 
that current flowing through a conductor creates a magnetic 
field about the conductor. This magnetic field is composed 
of lines of flux (magnetic lines) that encircle the conductor 
at right angles to the flow of current. The flux lines are uni-
formly spaced along the length of the conductor. 

UNIFORM SPACE 
CONDUCTOR N  

r\ r\ 

MAGNETIC LINES OF FORCE 

This is another method of creating a magnet. The mag-
netic field around a straight conductor is not very strong, 
but it exhibits the same properties as the bar or horseshoe 
magnet discussed previously. If a compass is placed near 
the conductor, the compass needle is deflected at right angles 
to the current-carrying conductor. The compass also indi-
cates that the magnetic field around the current-carrying 
conductor is polarized. If the current is reversed through 
the coil, the position of the compass needle also reverses. 
The magnetic field around a conductor diminishes with an 

increase in distance from the conductor. 
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Left-Hand Rule 

To determine the direction of the magnetic field around 
a current-carrying conductor, grasp the conductor in your 
left hand, with your thumb pointing in the direction of cur-
rent flow. The direction that your fingers curl around the 
wire indicates the direction of the magnetic field. 

DIRECTION OF THE 
"MAGNETIC FIELD 

LEFT-HAND 

RULE 

Do not attempt such an experiment on a bare wire. In-
stead, place your left hand in a position away from the 
wire with your thumb pointing in the direction of current 
flow. Your curled fingers will indicate the direction of the 
magnetic field. It isn't necessary to grasp the conductor. 

A16. In what plane do the magnetic lines around a cur-
rent-carrying conductor lie? 

165 



Your Answer Should Be: 

A16. The magnetic lines around a current-carrying 
conductor lie in a plane at right angles to the 
conductor. 

FIELD AT RIGHT ANGLES 
TO WIRE 

Magnetic Field Strength 

Magnetomotive force is the force that tends to drive the 
flux through a magnetic circuit. The unit of magnetomotive 
force is the gilbert. 
The unit of measurement used to express field intensity 

is the oersted. The strength of the magnetic field can be 
found by using the following expression: 

T4- I 
- = - 

5d 

where, 

H is the field intensity at a point nearest the wire in 
oersteds, 

I is the current through the wire in amperes, 
d is the distance of this point from the axis of the wire 

in centimeters (1 inch = 2.54 centimeters). 

Constructing an Electromagnet 

The magnetic field developed around a straight wire or 
conductor is seldom strong enough to be useful. However, 
if the wire is formed into a coil, the magnetic field becomes 
quite strong. 
The figure on the next page shows the action that takes 

place when current flows through a coil. All of the magnetic 
lines of force enter the coil at one end and emerge at the 
opposite end. 
The strength of the magnetic field is directly proportional 

to the number of turns in the coil and the current passing 
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through them. A coil with a large number of turns has a 
magnetic field of greater strength than one with a small 
number of turns. The magnetic field is greater when a larger 
current flows through the coil. 

Since all magnetic lines of force form a loop, poles similar 
to those of a permanent magnet are established on the coil. 
The poles form at each end of the coil and their polarities 
depend on the direction of current flow. 
The left-hand rule is employed to determine the magnetic 

polarity. Grasp the coil in your left hand with your fingers 
pointing in the direction of current flow. Your thumb points 
in the direction of the north-seeking pole of the coil. 

CURRENT 

It was stated previously that the flux density is much 
greater in a block of iron than it is in air. Therefore, if an 
iron core is added to the current-carrying coil, the magnetic 
loops will concentrate through the core, increasing the flux 
density and strength of the electromagnet. The magnetic 
lines around the coil are called induction lines. Soft iron 
cores are used in electromagnets because of the high per-
meability of iron. 

Q17. What is the field intensity at a distance of 5 inches 
from the center of a wire carrying 100 amps? 

Q18. Why is the magnetic field around a coil stronger 
than the magnetic field around a straight wire? 
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Your Answers Should Be: 

A17. The field intensity is 1.57 oersteds. 

100  100 H ----- — — 1 57 oersteds 
5d 5 >< 12.7 cm 63.5 

A18. When a straight wire is formed into a coil, the 
magnetic lines around each turn are reinforced. 

CURRENT 

The strength of an electromagnet can be determined by 
connecting a coil across a battery and placing an iron rod, 
suspended by a small hand scale, near the coil. When the 
circuit is energized, current flows through the coil and the 
magnetic field that is developed attracts the iron rod. The 
amount of pull can be read directly on the hand scale after 
subtracting the weight of the rod. 

If the overall length of a coil is less than its diameter, 
the strength of the field can be calculated by the following 
expression. 

H an-NI — 
lOr 

where, 

H is the field intensity in oersteds, 
N is the number of turns in the coil, 
I is the current through the coil in amperes, 
r is the radius of the coil in centimeters, 
ir is a constant equal to 3.14. 
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The two main factors that determine the strength of an 
electromagnet are the current and the number of turns in 
the coil. The magnetic field can be varied by altering either 
factor. The combination of these two factors (I and N) is 
called ampere turns. An electromagnet with 200 turns of 
wire through which 1 amp is flowing has a field strength 
equal to an electromagnet with a 10-turn coil through which 
20 amps is flowing. In both cases the number of ampere 
turns is 200. 

Q19. What can be added to a coil of wire to make it a 
stronger electromagnet? 

Q20. What is meant by permeable material? 

Q21. Calculate the field strength of the coil shown in 
the figure on this page. 

Q22. What determines the field strength of an electro-
magnet? 

Q23. What is the field strength of a coil having 10 amps 
of current flowing through it, if the coil has a 
radius of 2 inches and contains 26 turns? 

Q24. Find the current flowing in a coil having a field 
strength of 25 oersteds, 15 turns, and a radius of 
2 cm. 
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Your Answers Should Be: 

A19. Adding an iron core to a coil increases the 
strength of an electromagnet. 

A20. Permeable material is any material that can be 
easily magnetized. 

A21. 

H  = 2TNI _ 6.28 X  4 X 50 _ 1,256_ 20.93 oersteds 
10r 10 X 6 60 

A22. The current and the number of turns in the coil. 

A23. 

2TNI 6.28 X 26 X 10 — 32.14 oersteds 
H = -- 

lOr 10 X 2 X 2.54 

A24. H  = 2TNI  
lOr 

2-NI = H x lOr 

H x 10r 25  x 10 x 2 
I= = 

2TN 6.28 X 15 
I = 5.30 amps 

Magnetomotive Force 

Magnetomotive force is defined as the force that produces 
a magnetic field, and is measured in gilberts. In the design 
of an electromagnet for a particular application, it is often 
desirable to determine just how much magnetomotive force 
is required to create a magnet with a specific field strength. 
A convenient method of determining the magnetomotive 

force in a current-carrying air-core coil is to use the fol-
lowing expression. 

mmf ---- 1.257 XI >< N 

where, 

mmf is the magnetomotive force in gilberts, 
I is the coil current in amps, 
N is the number of coil turns. 

The reluctance of air is 1.257 (this number will be differ-
ent for an iron-core coil). As can be seen, magnetomotive 
force is directly proportional to the ampere turns. 
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FIELDS AIDING 

Residual Magnetism 

When an electromagnet is de-energized, the magnetic field 
collapses, but a slight amount of magnetism remains in the 
core material. This is called residual magnetism. 
When the magnetic lines of force surrounding the coil 

concentrate inside the center of the coil, the force magnet-
ically aligns the molecules in the core material. This is 
similar to the process of magnetizing a metal bar. If the 
core material is a bar of steel, the results will be different 
from those for a bar of iron. Once the molecules are aligned 
in the steel bar, they tend to remain aligned. The core will 
then retain considerable residual magnetism after the cur-
rent has ceased to flow through the coil. 

Hysteresis 

If the current is reversed in an electromagnet (perhaps 
many times a second), the magnetic field and the direction 
of polarization will also reverse. If the core material pos-
sesses any residual magnetism, the polarity change in the 
magnetic field will be somewhat delayed beyond the time 
when the current is reversed. It is necessary to overcome 
the residual magnetism before the core can be magnetized 
in the reverse direction. 

FIELDS OPPOSING 

When current flows through the coil in the direction 
shown, the north pole of the magnet is on the left, and the 
south pole is on the right (left-hand rule for a coil). The 
magnetic polarity of the core material is identical to the 
polarity of the coil. When the circuit is de-energized, the 
magnetic field collapses. Any residual magnetism remaining 
in the circuit retains its original polarity. 

Q25. What is the magnetomotive force if 2 amperes 
flows through an 8-turn air-core coil? 

Q26. What makes the best core material for an elec-
tromagnet? 
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Your Answers Should Be: 

A25. The magnetomotive force is 20.112 gilberts. 

mmf = 1.257 XIX N= 1.257 X 2 x 8 .-
20.112 gilberts 

A26. Soft iron makes the best core material because 
its molecules tend to rearrange themselves easily 
after the magnetizing force is removed. 

If the current through a coil is reversed, the magnetic field 
also reverses. Before the reverse magnetic field can build up, 
however, it must first overcome the residual magnetism in 
the core material of the coil. The residual magnetism opposes 
the new field, so it is first necessary to reduce the residual 
magnetism to zero before the new field can be developed. 
Instead of the magnetic field being developed immediately 
as the current increases, there is a slight delay. The mag-
netic field lags the current slightly. This lag is called 
hysteresis. 
Energy is required to align the molecules in the core mate-

rial. If the current through the coil is reversed frequently, 
considerable energy is required to realign the molecules first 
in one direction and then in the other. This energy is lost 
in the form of heat and is called hysteresis loss. 
The hysteresis lag becomes quite evident when a curve of 

magnetizing force (H) is plotted against flux density ( B). 

13-G1 CUM 

The figure above is referred to as the B-H curve. When 
current flows through a coil, the magnetic field around the 
coil builds up, as indicated by line A-B. When the current 
reaches its maximum level, the magnetic field also reaches 
maximum intensity, as indicated by point B. When the cur-
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rent ceases to flow, the magnetic field collapses along line 
B-C. When the current reaches zero, the amount of residual 
magnetism remaining in the circuit is indicated by line A-C. 

If the current is reversed in the circuit, the residual mag-
netism must first be overcome. It falls to zero, as indicated by 
line C-D. The magnetic field then builds up in the opposite 
direction along line D-E, reaching maximum concentration 
at point E. When the current stops flowing in the reverse 
direction and falls to zero, the magnetic field collapses along 
line E-F. The distance between points A and F indicates the 
amount of residual magnetism remaining in the core at that 
time. If the current were to flow in its original direction, 
the magnetic field would collapse to zero, as shown by line 
F-G, and build up to its maximum level along line G-B. 

Saturation 

The magnetic field develops gradually as the current 
increases. There is a point, however, where the core mate-
rial cannot accommodate additional lines of flux. When this 
point is reached, the core is said to be saturated. Any addi-
tional lines of force will have to flow through the air sur-
rounding the core material. Since the reluctance of air is 
quite high compared to the reluctance of iron, it is difficult 
to increase the flux density beyond core saturation. 

MAGNETIC SATURATION 

CORE MATERIAL SATURATED 

Q27. Will residual magnetism have any effect on the 
temperature of the core? 

Q28. What would the effects be if the core material 
were removed? 
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Your Answers Should Be: 

A27. Yes, the temperature will definitely be affected. 
When the molecular action increases, the material 
becomes hot, and energy is expended in the form 
of heat. 

A28. If there were no core material the B-H curve 
would increase and decrease in a linear fashion 
and there would be no residual magnetism. 

t 
H 

Magnetic Permeability 

Compare the B-H curve on the preceding page with the 
curve above. Notice that the first curve does not vary in a 
linear fashion along line A-B or A'-B'. This is true because 
there is a slight variation in the process of core magnetiza-
tion. Theoretically, the magnetic field gradually builds up 
by a definite quantity whenever the magnetizing force is 
varied by a specific amount. 
For example, if the magnetizing force increases by 3 

oersteds, the magnetic flux increases by 10,000 maxwells. 
This is true anywhere along the theoretical curve. In actual 
practice, however, there is a slight variation. At certain 
points along the curve an increase of 3 oersteds in the mag-
netizing force may increase the magnetic flux by only 9,800 
maxwells. At other points on the curve, such an increase in 
the magnetizing force may increase the magnetic flux by 
10,300 maxwells. This variation accounts for the nonlin-
earity of line A-B on the B-H curve. 
The following graph compares magnetizing force and flux 

density when a steel bar is magnetized. 
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The flux density increases rapidly with only a slight 
increase in the magnetizing force when the core material is 
at a point of low field intensity (only a few thousand mag-
netic lines of force). At a point of high field intensity, a 
large change in the magnetizing force is required to cause 
a small change in flux density. Point X indicates the point 

of saturation. 
Permeability can be determined by the following expres-

sion. 

where, 

p. is the permeability (has no unit of measure), 
B is the flux density in gausses, 
H is the magnetizing force in oersteds. 

When the permeability of a material is low, the reluctance 
is high, requiring a large magnetizing force to increase the 
flux density. This can be seen from the following expression 

for determining flux. 

mmf 
= 

where, 

is the flux lines in maxwells, 
mmf is the magnetomotive force in gilberts, 
R is the reluctance. 

Q29. Referring to the graph above, would the permea-
bility at the point of saturation be high or low? 
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Your Answer Should Be: 

A29. The permeability of the core material at satura-
tion would be very low. 

Solenoids 

A coil wound in the shape of a cylinder or tube is called 
a solenoid. A solenoid is often provided with a movable iron 
core, or plunger. In this arrangement, the iron core is pulled 
into the coil when current flows through the turns. Thus, 
the core can be used to mechanically move some device. 
Solenoids are commonly used in relays or circuit breakers. 

The magnetic field built up in the center of the coil pulls 
the core into the solenoid, thereby breaking or making the 
relay contact (s). 

CORE 

A SOLENOID 

Toroids 

Another type of coil that is used in some applications is 
the toroid, which has a ring-shaped core on which the turns 
of wire are wound to form a complete circle. This design 
concentrates all the lines of force inside the ring. With all 
the flux inside the ring, the toroid has no external polarity. 

°DI RECTION OF FIELD 
IS COUNTERCLOCKW I SE 
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Polarized Electromagnets 

A polarized electromagnet has a permanent magnet as its 
core, as shown in the figure below. 

REINFORCE CURRENT 

When current flows in the coil, the electromagnet will 
either add to, neutralize (cancel out), or subtract from the 
magnetic field of the permanent magnet. Polarized electro-
magnets are used in telephone and telegraph circuits. The 
figure below shows a diagram of a telephone-bell circuit. 

A POLARIZED 

ELECTROMAGNET 

PERMANENT MAGNET 

CLAPPER ARM 

ELECTRO-
MAGNETS 

The clapper arm, which extends down through the center 
of the electromagnet, is attached to a permanent magnet. 
The permanent magnet holds the clapper arm in a neutral 
position between the bells and provides the clapper with a 
specific polarity. Assume this position holds the clapper arm 
to the south-seeking pole of the permanent magnet. When 
current flows through the series-connected coils, the electro-
magnetic field thus developed adds to the field of the per-
manent magnet. This combined field pulls the clapper arm 
to the right, causing the clapper to strike the right-hand 
bell. When the current is reversed, the magnetizing force 
of the electromagnet subtracts from the force of the per-
manent magnet, and the clapper strikes the left-hand bell. 

Q30. How would you determine which is the north-seek-
ing pole of a solenoid? 

Q31. In what position will the clapper arm be when 
current is not flowing through the electromagnet'? 
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Your Answers Should Be: 

A30. The magnetic field around a solenoid is similar to 
that around any coil. The left-hand rule used to 
find the polarity of a coil may also be used to 
determine the polarity of a solenoid. 

A31. The permanent magnet returns the clapper arm 
to the center position when the current stops 
flowing. 

USES FOR MAGNETS 

You may ask why the permanent magnet does not become 
demagnetized when the electromagnetic field opposes it. 
Once a permanent magnet becomes magnetized, a strong 
force is required to disarrange its molecules. The electro-
magnetic field might be strong enough to do this if it 
remained for a very long period of time. However, the cur-
rent through the coil in a specific direction lasts for only a 
brief period and does not noticeably change the permanent 
magnetic field. 
When current passes through parallel wires, the magnetic 

fields around these wires interact. If the currents flow in 
the same direction, the fields repel each other; if the cur-
rents flow in opposite directions, the fields attract each other. 

PARALLEL WIRES CARRYING CURRENT 

AIDING OPPOSING 

Electric Motors 

The principle of attraction and repulsion just shown is 
used in electric motors and generators. Electric motors are 
used to provide a mechanical power output from an elec-
trical input. Generators provide an electrical output from a 
mechanical input. 
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The force exerted on an electron in a magnetic field is at 
right angles to the magnetic field. When the electron is 
placed in both an electric and a magnetic field, the force 
exerted on the electron is perpendicular to both fields. A 
right-hand rule is used to determine the direction of force 
on electron flow in a magnetic and electric field. 

The magnetic field around the conductor in the above fig-
ure is clockwise. The current appears to be coming out of 
the page. The direction of the magnetic field of the perma-
nent magnet is from the north-seeking pole to the south-
seeking pole, or from left to right in the figure above. Notice 
that the lines above the conductor and the lines around the 
conductor are going in the same direction, reinforcing the 
field above the electron path. Below the conductor the fields 
are opposing each other. 

Q32. In the figure above, the field around the conductor 
and the magnetic field of the permanent magnet 
are opposing each other at a point below the elec-
tron path. What effect does this have on electron 
flow? 
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Your Answer Should Be: 

A32. This weakens the fields and electron flow is forced 
in a downward direction. 

Right-Hand Rule 

Arrange the thumb, index finger, and middle finger of 
your right hand as shown in the figure below. Point the 
index finger in the direction of magnetic flux and the middle 
finger in the direction of electron flow. The thumb indicates 
the direction of magnetic force on the electron (direction 
that the wire is repelled). 

FORCE 

I 
RIGHT-HAND 

FLUX al RULE 

ELECTRON e , 
FLOW 

If a loop of wire is positioned in a permanent magnetic 
field, a force acts on the wire each time current passes 
through it. This force causes the loop of wire to rotate, if 
it is free to turn, as shown in the figure below. 

 c N 
The simple motor shown in the figure above is not very 

practical. The coil cannot rotate very far because the cur-
rent always moves through the wire in the same direction. 
When opposing poles appear opposite each other, the loop 
stops. Furthermore, any permanent connections to the 
loop of wire will not allow it to rotate very far. 
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To overcome these objections, the loop is terminated in 
two contacts that rotate with the loop. These contacts form 
the commutator of the motor. Electrical connections are 
made by carbon brushes pressing against the commutator. 

COMMUTATOR 

BRUSH 

Motor Commutation 

When current flows through the wire loop, a magnetic 
field is set up so that the north-seeking pole appears above 
the loop and the south-seeking pole below. (Check this by 
employing the left-hand rule for a coil.) The magnetic poles 
thus created around the loop are attracted by the opposite 
poles of the permanent magnet; this causes the loop to rotate 
in a counterclockwise direction. (According to the right-hand 
rule, the force is downward on the left side of the loop and 
upward on the right side.) 
The loop and commutator rotate together. When the loop 

has reached a position such that the opposing poles of the 
electromagnet are adjacent, the commutator will have 
rotated to a position where the applied voltage is reversed. 
The current through the loop will now reverse directions, 
reversing the magnetic field around the loop so that the 
north-seeking pole of the permanent magnet and the two 
south-seeking poles will be opposite. The like poles will 
oppose each other, and the loop will continue to rotate in a 
counterclockwise direction. 

Q33. If a current-carrying conductor is placed in a mag-
netic field so that the current appears to be flowing 
into the page and the polarity of the permanent 
magnet is such that the north-seeking pole is on 
your right, what will be the direction of force on 
the electron stream? 
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Your Answer Should Be: 

A33. The direction of force on the electron flow would 
be downward. 

DC Motors and Generators 

In electric motors many loops of wire are wound around 
a core. This assembly is called an armature. Each loop is 
connected to a commutator segment that makes contact with 
the carbon brushes as the armature rotates. The use of 
many loops provides smoother operation and considerably 
more power than a single loop. An end view of an armature 
is shown in the figure below. 

Large electric motors use electromagnets in place of per-
manent magnets. It is possible to obtain a stronger magnet 
for the same physical size by using the electromagnet. 

If current flowing through a wire creates a magnetic field, 
it seems only reasonable that a wire moving through a mag-
netic field causes a current flow. The DC generator operates 
by use of this principle. An armature (similar to one in an 
electric motor) is rotated in a magnetic field. The turns of 
wire cut the lines of force, and a current is caused to flow 
in the wire loops of the armature. Connections to the com-
mutator provide an electric current output. 
Another left-hand rule is used to determine the direction 

of the induced electromotive force in a generator. Place the 
thumb, index finger, and middle finger of your left hand so 
that they are perpendicular and at right angles to each 
other. Point the thumb in the direction of motion (rota-
tion) of the conductor (armature) and point the index finger 
in the direction of the magnetic flux. The middle finger will 
then indicate the direction of the induced current (electron 
flow). 
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This procedure is shown in the figure below. 

DIRECTION 
OF MOTION 

LEFT-HAND RULE 

FOR GENERATORS 

DIRECTION 
OF FLUX 

DIRECTION 
OF EME 

Meters 

Both permanent magnets and electromagnets are used in 
meter movements. Their operation is similar to that of the 
electric motor previously described. In the meter movement 
the electromagnet does not rotate through 360° as it did in 
the motor; instead, it rotates through an arc of approxi-
mately 150'. 
The electromagnet is positioned between the poles of a 

permanent horseshoe magnet, as shown in the figure below. 

017fle 
Pk/AV/PIE 

Q34. How long will a single-loop motor rotate? 

Q35. If the magnets in a generator are placed so that 

the north-seeking pole is on the right and the 

motion of the conductor is downward, what will 

be the direction of the induced current flow? 
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Your Answers Should Be: 

A34. A single-loop motor will rotate as long as current 
flows through the loop. 

A35. The direction of the induced current flow is out 
of the page ( left-hand rule for generators). 

When no current is flowing through the coil, a spring 
holds the coil in the position shown. When current does flow, 
a magnetic field is developed around the coil with the north-
seeking pole on the left and the south-seeking pole on the 
right in the figure above (left-hand rule for coils). Thus, 
the two north-seeking poles and the two south-seeking poles 
are opposite each other. The like poles repel and the coil 
rotates. How far the coil rotates depends on the strength 
of the electromagnet and its ability to overcome the tension 
applied by the spring. A pointer connected to the moving 
coil moves across a calibrated scale, making it possible to 
use the meter as a measuring device. 

WHAT YOU HAVE LEARNED 

1. Magnetism is a property of certain materials to attract 
and repel each other. 

2. Magnetized materials have north (north-seeking) and 
south (south-seeking) poles. Magnetic force lines flow 
from south to north inside the material and north to 
south outside. 

3. Some materials may be magnetized by stroking them 
with a magnet or by passing current through a coil 
wrapped around them. 

4. A permanent magnet has a high retentivity (retains its 
magnetism). A temporary magnet has low retentivity. 

5. Permanent magnets should be stored in a manner which 
permits the external field to be concentrated in a path 
of low flux opposition. Bar magnets are stored with N 
and S poles adjacent. A keeper is placed across the 
poles of a horseshoe magnet. 

6. Reluctance is the opposition offered to the flow of mag-
netic flux lines. Air has a higher reluctance than iron. 
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7. Number of flux lines (maxwells) is directly propor-
tional to the magnetomotive force exerted and indirectly 
proportional to the reluctance of the material through 
which the flux lines pass. 

8. Permeability of a material is a measure of its ability 
to be magnetized. Low reluctance indicates high per-
meability. 

9. An electromagnet is a device that has been or is being 
magnetized electrically. 

10. Current through a conductor generates a magnetic 
field. If the thumb of the left hand points in the direc-
tion of electron flow, the fingers curl in the direction 
taken by the flux lines. 

11. A coil of wire develops a stronger magnetic field than a 
single conductor. Field strength is directly proportional 
to ampere-turns (number of coil turns and the amount 
of current flowing). Field strength is indirectly propor-
tional to the diameter of the coil. 

12. Magnetomotive force of a coil can be determined by 
multiplying ampere-turns by a reluctance constant. 
Reluctance for air is 1.257. 

13. Residual magnetism is the amount of magnetism re-
maining in an electromagnet after current flow has 
ceased. 

14. Hysteresis (difficulty in realigning magnetic direction 
of molecules) causes changes in the magnetic field to 
lag changes in the current. 

15. Each magnetic material has a limit to which it can be 
magnetized. The limit of magnetic strength is called 
saturation, and is the point at which a maximum num-
ber of molecules have been aligned in the same magnetic 
direction. 

16. Solenoids are electromagnets with movable iron cores. 

17. Electromagnets are used in motors, generators, meters, 
and other devices that make use of the electrical effects 
of a magnetic field. 

18. The right-hand rule for motors states: With thumb, 
index finger, and middle finger of the right hand at 
right angles to each other, the index finger pointing in 
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the direction of magnetic flux, and the middle finger 
pointing in the direction to current flow, the thumb will 
indicate the direction in which the conductor will move. 

19. The left-hand rule for generators uses the same prin-
ciple: If the left thumb points in the direction of the 
conductor movement, and the index finger points in the 
direction of the magnetic flux, the middle finger will 
indicate the direction of current flow in the conductor. 
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What Is 
Alternating Current? 

When you have finished 
What You this chapter you will be 

able to explain what alter-
Will Learn nating current is. You will 

not only know how AC cur-
rents are generated, but you will be able to recognize 
AC and pulse forms. In addition, you will be able to 
describe the different types of AC waveforms. 

Alternating current (AC) differs from direct current 
(DC). The electrons in a direct current always flow in 
the same direction. Electrons in an alternating current 
reverse directions at periodic intervals. 

Electrons Always Flow eed. 
in the Same Direction 

in a DC Circuit Itmummisumwmai 

eek; 

e 

ie. 
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ALTERNATING CURRENT SOURCES 

Alternating current is the most common type of electricity 
used. Because its electron flow reverses direction rapidly, 
the value of an alternating voltage is easily increased or 
decreased by passing it through a transformer. For example, 
when it is necessary to transmit electricity over great dis-
tances (from the power plant to a city miles away), the 
power-plant voltage is increased by a transformer to a very 
high value (such as 69,000 volts) and sent through a rela-
tively small-diameter transmission line. If the AC electricity 
were sent at the power-plant voltage (such as 4,160 volts), 
the diameter of the transmission line would have to be much 
larger. This is because a lower voltage makes a higher cur-
rent flow necessary. Thus, a larger-diameter line from the 
power plant to the user would be required. At the city end 
of the transmission lines the voltage is reduced by trans-
formers, and then still further reduced to 240 and 120 volts 
by another transformer at the utility pole outside the user's 
house. It is far more difficult and costly to change DC volt-
ages than to change AC voltages. 

ALTERNATING CURRENT CAN BE TRANSMITTED 
LONG DISTANCES AT LOW COST 

STEP - DOWN 
TRANSFORMER 

STEP - DOWN 
HIGH-VOLTAGE 

STEP-UP TRANSFORMER 
LINE TRANSFORMER 

HOME 

Alternating currents are generated in very large quanti-
ties in power plants. The electricity used in your home 
comes from a power plant. The total current capacity of a 
power plant can reach several thousand amperes at 4,160 
volts. 
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Another source of AC, usually for specialized purposes, 
is the oscillator. The current output of an oscillator is quite 
small, usually in the milliampere range. Oscillators are used 
primarily as signal sources in electronic equipment. 

ALTERNATING-CURRENT APPLICATIONS 

Large amounts of alternating current are used in homes 
for illumination, heating, cooking, and the operation of appli-
ances. In industry, alternating current is used to operate 
motors and for many other applications. 
Most of the alternating current used in homes and indus-

try is produced by generators in large power plants. In most 
cases these generators are driven by turbines powered by 
either steam or falling water. 

AC IS USED TO POWER MANY FAMILIAR DEVICES 
ELECTRIC 
LIGHT 

2- 1) 

MOTOR 

CEO 

-1EATER TRANSMITTING 
ANTENNA 

RADIO 

TELEVISION 

Ql. The electricity usually used in homes is not DC cur-
rent but -- current. 

Q2. The electricity used in homes is produced by gen-
erators in power plants. Power plants are one im-
portant of AC. 

Q3. Name the most common kind of current used for 
lighting. 

Q4. It is difficult and expensive to transmit DC current 
over long distances, or to raise or lower DC voltage. 
State two advantages of alternating current. 

Q5. Alternating current is used in many applications in 
homes and in industry. Two sources of power used 
to generate this AC are and   
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Your Answers Should Be: 

Al. The electricity usually used in homes is not DC 
current but AC current. 

A2. The electricity used in homes is produced by gen-
erators in power plants. Power plants are one im-
portant source of AC. 

A3. The most common kind of current used for lighting 
is AC. 

A4. Two advantages of alternating current are: It is 
less expensive and easier to transmit over long dis-
tances, and it is easier to obtain and keep a con-
stant voltage level. 

A5. Alternating current is used in many applications 
in homes and industry. Two sources of power used 
to generate this AC are steam and falling water. 

WAVEFORMS 

Waveforms are pictures showing how currents and volt-
ages change over a period of time. The value of voltage or 
current is usually represented in the vertical direction, while 
time is represented in the horizontal direction. For example, 
the illustration below shows that most DC waveforms are 
straight lines. 

DC WAVEFORMS ARE USUALLY STRAIGHT LINES 

TIME 

\  

190 



MA/1 

Pulsating DC voltages may have various shapes, but the 
two most common types are shown here. 

PUZSATMIG DC VOLTAGE 

o 

T I ME 

By far the most common AC waveform is the sine wave. 
In fact, the sine wave is so widely used that when we think 
of AC, we automatically think of sine waves. 

HOUSEHOLD AC 

IS A SINE WAVE 

Q6. A waveform is a picture of how currents or voltages 
change over a period of time. DC waveforms usually 
look like which of the following? 

I MI 

Q7. AC currents and voltages usually change regularly 
in a smoothly curved form. Which of the following 
is the usual AC waveform? 

nlinSnQUoARnE WAVE SAWTOOTH WAVE 

Q8. The most common DC waveform is a  
_ . The most common AC waveform is a — — — — 
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Your Answers Should Be: 

A6. The usual DC waveform is (c), a straight line. 

A7. The usual AC waveform is (a), a sine wave. 

A8. The most common DC waveform is a straight line. 
The most common AC waveform is a sine wave. 

GENERATION OF A SINE WAVE 

A sine wave is the most common AC waveform. It is also 
the simplest. You can visualize the way it is generated by 
looking at this illustration. 

N 

1800 

S 

00 
tl 

900 

t2 

1 

1800 2700 00 

t3 t4t5 
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I I I 
I I I 
I I I 

A ROTATING C011, CAN CREATE A SINE WAVE 

As the coil cuts the lines of force between the magnetic 
poles, a voltage is produced that will cause current to flow 
if the coil is connected to a complete circuit. As the coil 
rotates at a constant speed, it cuts more and more lines of 
force in the magnetic field, and the voltage increases. At 
90° it is moving at right angles to the lines of force, so it 
cuts the maximum number of lines per second. Therefore 
voltage is maximum. 

At 180° (and at 0°) the coil is moving parallel to the lines 
of force and, therefore, cutting none. Thus, the voltage gen-

erated is zero. Beyond 180° the coil is cutting lines of force 
in the opposite direction, so the generated voltage has the 
opposite polarity—negative in this case. The output wave-
form of the generator is a sine wave like the one shown. 
Imagine a line like the hand of a clock. This line is called 

a voltage vector. A voltage vector rotates counterclockwise 
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through the full 360° of a circle. The distance measured 
from the end of the voltage vector to the base line at any 
time during the rotation of the vector represents the exact 
value of voltage at that instant. As you can see, the value 
of voltage is zero at 0° and 180°. At 90° the value of voltage 
is maximum positive, and at 270° it is maximum negative. 

VOLTAGE 
goo VECTOR 

20TAT I ON 

THE ROTATING VOLTAGE 

VECTOR CREATES A 

SINE WAVE 

2700 

One complete cycle of a sine wave (from zero to a positive 
peak, down to a negative peak, and back to zero) simply 
represents one complete rotation of the voltage vector. 
The simple sine wave is the building block from which all 

AC waveforms are constructed. Even sawtooth and square 
waves are really just complicated combinations of simple 
sine waves. 

1 tiQUARE PULSE IS A COMBINATION OF 
MANY SINE WAVES 

(ADD IT I ONAL) SINE WAVES 

Q9. A sine wave represents the rotation of a line called 
a voltage  

Q10. With the right mixtures of sine waves, can saw-
tooth and square waves be made? 
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Your Answers Should Be: 

A9. A sine wave represents the rotation of a line called 
a voltage vector. 

A10. Any kind of AC waveform can be made with the 
right mixture of sine waves. 

SINE-WAVE MEASUREMENT 

In a previous chapter you learned that DC voltage has 
only one value. This value is measured in volts. In AC, how-
ever, the voltage is constantly changing, so no one voltage 
value exists for more than an instant. Looking at a sine 
wave you can see that it reaches a certain peak. That value 
is known as maximum voltage, or peak voltage (E„,„,c). 
Notice that the waveform has the same shape and value 
both above and below the zero line. 

A SINE-WAVE VOLTAGE 
REACHES A CERTAIN 

PEAK VALUE 

A more practical value of AC voltage and current is the 
rms value (rms stands for root-mean-square). The rms 
value is the actual "working value" of a voltage or current. 

RMS VOLTAGE IS THE 
WORKING VOLTAGE 

The current and voltage value most often used is rms. In 
fact, the standard household voltage of 120 volts is the rms 
value. An rms voltage of 120 volts corresponds to a peak 
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voltage of 170 volts. In all sine waves the rms value is 
equal to 0.707 of the peak value. Conversely, the peak value 
is equal to 1.41 times the rms value. 
You have seen how AC voltage first increases in value to 

a peak value, then decreases to zero, increases to a negative 
peak value, and then returns to zero. This sequence is known 
as a cycle. The cycle is normally repeated many times each 

second and is identical in waveform with the one before 
it and the one following it. 

ALL SINE- WAVE CYCLES ARÉ NORMALLY IDENTICAL 

Q11. Another name for peak voltage is 

Q12. Rms is the working value of voltage. Which is 

less, rms or peak voltage? 

Q13. Maximum voltage is also called — — 

Q14. Working voltage is called   

Q15. The symbol for maximum voltage is E„„,,. The 
symbol for rms voltage is — — . 

Q16. Rms voltage is 0.707 times peak voltage. If peak 
voltage is 100, rms voltage is 

Q17. Peak voltage is 1.41 times rms voltage. That is, if 
rms voltage is 100, peak voltage is 

Q18. To change rms voltage to peak voltage ( which is 
larger), multiply by — To change peak volt-
age to rms voltage, multiply by _ 

Q19. To give a complete picture of how an AC voltage 
(or current) changes, a waveform diagram must 
show at least -- — complete cycle(s). 
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Your Answers Should Be: 

All. Another name for peak voltage is maximum 
voltage. 

Al2. Rms is the working value of voltage. Rms is less 
than peak voltage. 

A13. Maximum voltage is also called peak voltage. 

A14. Working voltage is called rms voltage. 

A15. The symbol for maximum voltage is E„,„,. The 
symbol for rms voltage is Er.. 

A16. Rms voltage is 0.707 times peak voltage. If peak 
voltage is 100, rms voltage is 70.7. 

A17. Peak voltage is 1.41 times rms voltage. That is, 
if rms voltage is 100, peak voltage is 141. 

A18. To change rms voltage to peak voltage (which is 
larger), multiply by 1.41. To change peak voltage 
to rms voltage, multiply by 0.707. 

A19. To give a complete picture of how an AC voltage 
(or current) changes, a waveform diagram must 
show at least one complete cycle. 

Frequency 

It is sometimes necessary to know how many times a cycle 
is repeated each second. The number of cycles completed 
each second by a given AC voltage is called the frequency. 

FREQUENCY IS THE NUMBER OF CYCLES PER SECOND 

1 SECOND 
f 4 cps 

CYCLE CYCLE --*—«--CYCLE —0-4--CYCLE 

PERIOD IS THE TIME REQUIRED TO COMPLETE 
ONE CYCLE 
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Frequency is measured in cycles per second (cps). The 
symbol for frequency is f. The most common type of cur-
rent (household current) has a frequency of 60 cps in most 
localities. 
The time required for one cycle is called a period. A period 

is measured in seconds, milliseconds, or microseconds. A 
millisecond is 1/1,000 of a second, and a microsecond is 
1/1,000,000 of a second. Since household electricity has a 
frequency of 60 cps, its period is 1/60 of a second, or 0.0167 
second. This time can also be expressed as 16.7 milliseconds. 
The period of a sine wave represents the time needed for 

the voltage vector to make one complete rotation. The fre-
quency of a sine wave depends on how rapidly the voltage 
vector rotates. 

1000 CYCLES IN ONE SECOND 

ONE CYCLE PERIOD / 
 I - 1 1 1000 SEC 

1 MI LL ISEC ) 
Q20. The of household current is 60 cps. 

Q21. Frequency is usually measured in   per 
second. 

Q22. If the frequency of a voltage is 60 cps, how would 
you find its period? 

Q23. How many milliseconds are there in a second? 
How many microseconds are there in a millisecond? 

Q24. If the frequency of an AC voltage is 1 million 
cycles per second, state its period in the most con-
venient unit. 

Q25. In a certain sine wave the rms voltage is 20 volts. 
What is the peak voltage? 

Q26. A sine wave has a peak value of 70.7 volts. What 
is the effective (rms) voltage? 

Q27. If a current has a frequency of 100 cps, N% hat is the 
period of one cycle? Give two answers—one in sec-
onds and one in milliseconds. 
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Your Answers Should Be: 

A20. The frequency of household current is 60 cps. 

A21. Frequency is usually measured in cycles per 
second. 

A22. Divide 1 second by 60 cycles. Thus the period of 
a 60-cps current is 1/60 of a second, or 0.0167 
second. 

A23. There are 1,000 milliseconds in a second, and 1,000 
microseconds in a millisecond. 

A24. 1 microsecond. 

A25. 20Vrnis X 1.41 = 

A26. 70.7V.. X 0.707 = 50V. 

A27. 0.01 second, or 10 milliseconds. 

PULSES 

You have been introduced to the definition and methods 
of pulse generation in DC electricity. In modern electronics, 
considerable use is made of these pulses. In the following 
paragraphs you will see two practical applications. Later, 
you will learn more about pulse behavior in electrical circuits. 

RADAR BOUNCES PULSES OF 

ENERGY OFF DISTANT OBJECTS 

A radar set sends a pulse of energy into space. This pulse 
travels at the speed of light. The pulse hits an object (an 
airplane, for instance) and is reflected back to the set. By 
measuring the time it takes for this signal to travel to the 
object and return, the distance between the set and the ob-
ject can be calculated. 
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Digital computers are often used in calculating difficult 
problems. They are the so-called electronic brains. A very 
simple digital principle is an assembly line; for example, a 
series of cans moving on a conveyor belt. A light beam to 
a photoelectric cell is cut every time a can goes by, and the 
resulting signal is then counted. Computers employ various 
operations with pulses at very high speeds. 

Q28. Look at the sine wave in the figure below and write 
down the values for: 

Er,„, = Period in seconds = 

E,,„, = Frequency — 

Period — 

120 

TIME 

30- 2 

00- SEC 

90 - 

120 

Q29. Which of the following waveforms would you 
especially expect to find in a digital computer? 

V.  4innumr— 
u B ci 

Q30. The signal from a radar set looks like this: 

What type of signal does a radar set send out? 

Q31. Name one characteristic that a radar set and a 

digital computer have in common. 
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Your Answers Should Be: 

A28. Ern. = 84.4V Period = 0.008 sec 

= 120V Frequency = 125 cps 

Period = 8 milliseconds 

A29. ( c) is a pulse waveform which would be found in 
a digital computer. The other two might be found 
in the operation of some of its circuits. 

A30. A pulse signal is the type of signal a radar set 
sends out. 

A31. One characteristic that a radar set and a digital 
computer have in common is that both use pulse 
waveforms. 

SAWTOOTH VOLTAGE 

Most of the pulses described in the last section are of the 
regular square-wave type. Another very important type of 
pulse is the sawtooth waveform. 
Sawtooth waves are primarily used in accurately timing 

the rate of sending square-wave pulses. In other words, 
sawtooth waveforms are used when time measurement is 
required, and they act as triggering devices. 
Some of the most important uses of sawtooth pulses are in 

television sets and oscilloscopes, and for timing radar pulses. 

PULSE MEASUREMENT 

Pulses are usually described in terms of four parts—base 
line, leading edge, peak, and trailing edge. It is easiest to 
understand these parts by looking at them. 

THE PARTS OF A PUISÉ WAVEFORM 

o 

• BASE 
LINE 

PEAK 

LEADING/ 
EDGE 

TRAILING 
/EDGE) 
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It is often necessary to know how long it takes a pulse to 
rise from the base line to its peak ( rise time) or to go from 
its peak value back to the base line (decay time). These 
times are measured between 10 (,; and 90 4 of peak value. 

90% 
OF PEAK 

Rise Time and 

Decay Time 

Are Measured 

Between 

10% of Peak 

and 90% of Peak 10% 
OF PEAK 

I- RISE TIME DECAY 
TIME 

Like AC sine waves, pulses have an rms value. Unfor-
tunately, there is no simple formula to find the rms value 
of a pulse. The rms value of a pulse is its working value. 
When pulses are repeated at a regular rate, the number 

of pulses per second is called the repetition rate. 

Q32. Radar, television, and oscilloscopes use special 
pulses that look like the teeth of a saw. This kind 
of pulse is called a   voltage. 

Q33. Radar uses both ordinary pulses and  

 • 
Q34. Name three types of equipment which use saw-

tooth voltages. 

Q35. Rise time is the time during which the pulse goes 
from 10% of peak to of peak. During decay 
the pulse decreases from of peak to . 

Q36. The time required for a pulse to go from 10% to 
90% of peak is called — --- time. The same time 
along the trailing edge is called   time. 

Q37. What is the working value of a pulse called? 

Q38. The number of times a pulse is repeated per second 
is called its   
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Your Answers Should Be: 

A32. Radar, television, and oscilloscopes use special 
pulses that look like the teeth of a saw. This kind 
of pulse is called a sawtooth voltage. 

A33. Radar uses both ordinary pulses and sawtooth 
voltages. 

A34. Three types of equipment which use sawtooth 
voltages are television, radar, and oscilloscopes. 

A35. Rise time is the time during which the pulse goes 
from 10 (/( of peak to 90% of peak. During decay 
the pulse decreases from 90% of peak to 10%. 

A36. The time required for a pulse to go from 10 (/; of 
peak to 90 V( of peak is called rise time. The same 
time along the trailing edge is called decay time. 

A37. The working value of a pulse is its rms value. 

A38. The number of times a pulse is repeated per sec-
ond is called its repetition rate. 

WHAT YOU HAVE LEARNED 

1. AC current changes direction regularly. 

2. Most household appliances and electronic devices use 
AC electricity. 

3. AC waveforms are usually sine waves. 

4. AC is created by generators and oscillators. 

5. The working voltage of a sine wave AC is the rms 
voltage, which is 0.707 times the peak voltage. 

6. A cycle is one complete change from zero to the posi-
tive peak value, back through zero to the negative peak, 
and back to zero. This represents the rotation of a 
voltage vector around the 360° of a circle. 

7. Frequency is the number of cycles generated in a sec-
ond, and a period is the time it takes to complete one 
cycle. 

8. The four main parts of a pulse waveform are the lead-
ing edge, the peak, the trailing edge, and the base line. 
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Caleula,ting 
R,esistariee 

In this chapter you will 
What You learn how to draw the 

schematic of a basic AC 
Will Learn circuit. You will determine 

when and how Ohm's law 
and the power formulas can be used in AC circuits. You 
will learn how to simplify combinations of resistances 
in an AC circuit to find the equivalent resistance. You 
will be able to tell when voltage and current are in phase. 
You will learn about skin effect and where and when it 
is found. 

BASIC AC CIRCUIT 

The basic AC circuit is very similar to the basic DC cir-
cuit. The only difference is that an AC generator is used 
as a voltage source instead of a battery. 

AC-GENFRATOR SYMBOL A BASIC AC CIRCUIT 

In any AC circuit the voltage shown at the generator is 
the rms voltage. The frequency shown is in cps (cycles per 
second), and the resistance is in ohms. 
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OHM'S LAW 

Ohm's law, as you learned it for DC, can also be used when 
AC is supplied to a resistive circuit. As stated previously, 
the rms voltage is the working voltage of AC electricity. In 
a basic AC circuit, all calculations will be made with rms 
voltage and current values, unless other values are specified. 
Ohm's law also applies to peak values, but peak values are 
not generally very useful. 
Let us look at a basic AC circuit and see what happens as 

the switch is closed. 

 .-'.  
S 

120V 
60cps.:Y 

THE VALUES YOU CALCULATE 

ARE WORKING VALUES 

5 

From Ohm's law we find that the current in the above 

circuit will be I --- —120 = 24 amperes. But, since this is 
5 

an AC circuit, we also know that both the 120 volts and 
the 24 amperes are rms values; that is, they are the work-
ing values. Since AC voltage and currents appear as sine 
waves, the voltage actually varies. The current also varies, 
but its numerical value is always five times smaller than 
that of the voltage. 

180-
160 
140 
120 
100 
80 
60 
40 - 
20 

-2o 
-ao 
-60 
-80 
-100 
-120 
-140 
-160 
-180-i 
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PHASE 

When both the voltage and the current rise and fall 
together in exactly the same fashion, they are said to be 
in phase. When they do not, they are out of phase. 
When an AC circuit contains only pure resistance, the 

voltages and currents will always be in phase. When volt-
ages and currents in an AC circuit are in phase, Ohm's law 
can be applied in the same manner as in DC circuits, pro-
vided you use the same kind of values (rms, etc.) for the 
voltages and currents. 

Ql. A basic AC circuit consists of a   
 , and 

 ) • 
Q2. Draw a basic AC circuit in which the generator 

has an rms voltage of 12 volts, a frequency of 60 
cps, and the load is 10 ohms. Check your circuit 
against the correct one on the next page. 

Q3. Find the current in this AC circuit, using Ohm's 
law. 

S 

100v (,)41..MMII 
60 cps ? 25Q 

Q4. Ohm's law applies to any AC circuit that contains 
only  

Q5. When using Ohm's law with AC circuits, you will 
usually use the working value of voltage, which is 

Q6. When current and voltage are zero at the same 
time, maximum at the same time, and vary in the 
same fashion, they are  

Q7. When voltage and current are in phase, they ( have 
the same maximum value, reach zero at the same 
time). 

Q8. Voltage and current are always in phase in AC cir-
cuits containing only   
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Your Answers Should Be: 

Al. A basic AC circuit consists of a generator, con-
ductors, switch, and load ( resistance). 

A2. Your basic AC circuit should look like this: 

12V 
60 cps 10Q 

A3. Ohm's law is: E = I >< R, or I = E 
R 

100 In this case, I = = 4 amperes 
25 

A4. Ohm's law applies to any AC circuit that contains 
only resistance. 

A5. When using Ohm's law with AC circuits, you will 
usually use the working value of voltage, which is 
Emu, 

A6. When current and voltage are zero at the same 
time, maximum at the same time, and vary in the 
same fashion, they are in phase. 

A7. When voltage and current are in phase, they reach 
zero at the same time. 

A8. Voltage and current are always in phase in AC cir-
cuits containing only resistance. 

POWER IN A BASIC AC CIRCUIT 

As you learned in the study of DC circuits, power is the 
work done by the current, and it is measured in watts. In 
DC circuits you have seen how power equals the voltage 
multiplied by the current. You also learned that the power 
in a resistance equals the value of the resistance multiplied 
by the current squared. 

Voltage and current must be in phase if they are used 
together in an AC formula. For example, E=I >< R is 
true only when voltage and current are in phase. 
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It is therefore a good idea when working with AC circuits 
to use only P = I2R for finding power. When using this 
formula, it makes no difference whether voltage and current 
are in phase or out of phase. 

AC CIRCUITS WITH RESISTANCES IN SERIES 

This is an AC circuit with resistances in series. 

00  

120V 
60cps 

R 1 10 R2 20 

R7 20 R 6 30 
 'vNA,  

R3 30 

R5 50 

40 

AN AC CIRCUIT WITH RESISTANCES IN SERIES 

To find the current in this circuit, you must find the 
equivalent resistance of the resistors in series (the one 
resistance that can replace all the other resistances). 
This AC series circuit can be treated in the same way as 

a DC series circuit. Since the resistors are all in series, the 
equivalent resistance is the sum of all the resistances. 

Reg = Ri + R2 ± R3 ± R4 ± R5 ± Rg Ri 

Q9. Which power formula can only be used when voltage 
and current are in phase? 

Q10. Are voltage and current in phase in the basic AC 
circuit above? Explain how you know. 

Q11. Which formula or formulas can be used to find 
power in the basic AC circuit above? 

Q12. Write the power formula that can be used when 
voltage and current in an AC current are out of 
phase. 

Q13. What is the equivalent resistance in the following 
circuit? 

10 

20 
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Your Answers Should Be: 

A9. P=I X E can only be used when voltage and cur-
rent are in phase. 

A10. Yes, because voltage and current are always in 
phase in a circuit that contains only resistance. 

All. Either P=I X E or P = I2R. 

Al2. P = I2R. 

A13. 20 ohms. 

AC CIRCUITS WITH RESISTANCES IN PARALLEL 

This is an AC circuit with resistances in parallel. 

S 

10V 
60 cps.._`-)' 3 

The formula for the equivalent resistance of two resistors 
in parallel is: 

Req RI X R2 2 X 3 6 
1.2 ohms 

R1 R2 2 + 3 5 

Here is another AC circuit with two equal resistances in 
parallel. 

20V 
120 cps 80 

The formula for the equivalent resistance of two equal 
resistors in parallel is: 

R 8 
R = = = 4 ohms 

2 2 
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Did you notice these three important facts about parallel 
resistances ? 

1. The equivalent resistance is always smaller than either 
of the parallel resistances. 

2. When two parallel resistances are equal, the equivalent 
resistance is one half as large as either resistance. 

3. Frequency does not enter into the calculations. 

Here is an example of how to simplify a combination of 
parallel resistances. 

Combinations of Resistances Can Be Simplified One Step 
at a Time 

12V 
60 cps 

8Q 

Req 4Q 

Req 
4S2 

Q14. Can Ohm's law be used to find the current in the 
circuits on the opposite page? 

Q15. What is the current through the generator in the 
first circuit on the opposite page? 

Q16. What rule helps you check the calculation of the 
equivalent resistance of parallel resistors? 

Q17. Two equal resistors in parallel have a total resist-
ance of one half the value of one resistor. If you 
have a 1-ohm resistor and a 2-ohm resistor in par-
allel, does this rule apply? 

Q18. What is the total resistance of two 7-ohm resistors 
in parallel? 

Q19. An electric heater, an electric iron, and a lamp are 
fed from the same outlet (connected in parallel). 
Find the equivalent resistance if you know that 
the individual resistances are 4 ohms, 150 ohms, 
and 30 ohms respectively. Begin by drawing a 
schematic diagram of the circuit. 
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Your Answers Should Be: 

A14. Yes, Ohm's law can be used. 

A15. I = —E = —10 = 8.3 amperes 
R 1.2 

A16. When you calculate the equivalent resistance of 
a group of parallel resistors, the result must be 
smaller than the smallest single parallel resistor. 

A17. No, the rule does not apply to resistances that are 
not equal. 

A18. 3.5 ohms. 

A19. Your schematic should look like this: 

120V 
`—• 60 cps 

You can simplify this as follows: 

1500 

4 X 25 
"1 4 ± 25 

100 
29 

= 3.44 ohms 

AC CIRCUITS WITH RESISTANCES 
IN SERIES AND PARALLEL 

Now that you have learned how to handle resistors in 
series and pairs of resistors in parallel, it is easy to solve 
combinations by breaking them down into simple groups of 
resistors in series or pairs of resistors in parallel. 
Here is an example of how to break down a combination 

of series and parallel resistances. 
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Rea- 80 SHP S 

Reg 7Q 
SUP 4 

Reg- 4S1 

SUP Req'n 

Q20. Find the equivalent resistance of the following 

circuit. 

Q21. If you calculated the equivalent resistance of the 
following circuit and got 6 ohms, would you be 

satisfied? 

CD 244 
60cps 

1 IQOQ 

6Q 7Q 8Q 1Q 
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60 cps 

Your Answers Should Be: 

A20. 4 ohms. 

A21. No. A 2-ohm resistance in parallel with the rest 
of the circuit means R,.,, must be less than 2 ohms. 

SKIN EFFECT WITH HIGH FREQUENCY 

You have seen how an AC circuit containing only pure 
resistance is treated exactly the same as a DC circuit con-
taining the same resistance values. 
Usually a resistor represents the same value of resistance 

in both AC and DC circuits. You will find, however, that this 
becomes less and less true as the frequency is increased. 
When you deal with frequencies in the megacycle (million 
cycles per second) range, you will see that a resistor has 
a higher value. This is due to skin effect. At very high fre-
quencies, electrons tend to flow only on the "skin" of a 
conductor. 

ELECTRONS FLOW MAINLY ON THE SURFACE OF A 
CONDUCTOR AT HIGH FREQUENCIES—RESISTANCE 

IS HIGHER 

1,000,000cps 

Q22. The effect in the figure above is called the 

Q23. When electrons flow only on the surface of a con-
ductor, it is as though the conductor were smaller. 
Resistance is ( higher, lower). 

Q24. If a resistor has a value of 10 ohms when measured 
with an ohmmeter, what would you expect its 
resistance to be in a circuit using 2-megacycle AC? 

Q25. At high frequencies of AC current, resistances 
become because of — — — — effect. 
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WHAT YOU HAVE LEARNED 

1. You have learned how to draw the schematic of a basic 
AC circuit. 

2. Calculations with Ohm's law, or the power formulas, use 
rms values of voltage and current. 

3. Voltage and current sine waves are in phase when they 
vary in the same way at the same time. 

4. Voltage and current are always in phase in an AC cir-
cuit that contains only resistance. 

5. Voltage and current must be in phase when they are 
used together in a single formula. 

6. The equivalent resistance of combinations of series and 
parallel resistors can be found in the same way for AC 
circuits as for DC circuits. 

7. At very high frequencies the resistance of a conductor 
increases because the electrons tend to flow mainly on 
the surface of the conductor. This is called skin effect. 
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Your Answers Should Be: 

A22. This effect is called the skin effect. 

A23. Resistance is higher. 

A24. If a resistor has a value of 10 ohms when meas-
ured with an ohmmeter, its resistance in a circuit 
using 2-megacycle AC current should be more than 
10 ohms. 

A25. At high frequencies of AC current, resistances 
become higher due to the skin effect. 
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9 

Inductance 

Inductance is one of the 
What You most important proper-

ties in electricity and 
Will Learn electronics. Relays, trans-

formers, coils, and many 
other devices all depend on inductance for their opera-
tion. When you have finished this chapter, you will 
know what factors influence inductance* and how the 
inductance of a circuit affects AC voltage and current. 

WHAT IS INDUCTANCE? 

When current begins to flow in a conductor, a magnetic 
field builds up around it. As the magnetic field builds up, 
its expanding lines of force cut the conductor and generate 
a voltage that opposes the increasing current. 

This opposing voltage, or counter emf, is greater when 
the current is changing more rapidly. In fact, the counter 
emf is proportional to the rate of change of the current, but 
it always opposes it. When current is decreasing, the counter 
emf attempts to keep the current flowing. 

When a sine-wave current flows in an inductor (coil), the 
current is continually changing. Notice below that it is 

CURRENT AT THE 

PEAKS IS STEADY 

FOR AN INSTANT 
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changing faster at the points where the sine wave crosses 
the zero line. It is not changing at all at the instant of each 
positive and negative peak. 
The voltage in the inductor follows the rule just given. 

At point 1 in the illustration, the current is rising at its 
fastest rate. Therefore the counter voltage, trying to keep 
the current from increasing, is at its negative peak. At 
point 2 on the wave, the current is not changing at all; at 
this point the counter voltage is zero. At point 3 the cur-
rent is decreasing at its maximum rate, so the counter volt-
age, in trying to keep the current from decreasing, reaches 
its positive peak. At point 4 the current is at its negative 
peak and is not changing at all—counter voltage is zero. 
We can follow the current sine wave point by point and, 

at every instant, calculate its rate of change and the result-
ing counter emf. The resulting voltage waveform is another 
sine wave, but this one is 90° out of phase with the current. 
This is the waveform of the counter emf. 

In order to keep the current flowing, an external voltage 
that is exactly equal but opposite to the counter emf must 
be applied. This is the applied emf, and it is 90° ahead of 
the current. 
We say that in an inductance, the current sine wave lags 

the applied voltage wave by 90°. 

CURRENT LAGS THE APPLIED VOLTAGE BY 90° 

CURRENT 
STEADY 

INDUCED 
EMF ZERO 

INDUCED EMF 
MAXIMUM 
POSITIVE 

\APPLIED EMF IS 
EQUAL AND OPPOSITE 
TO INDUCED EMF 

CURRENT DROPPING 
FASTEST 

CURRENT RISING 
FASTEST 

In a DC circuit, inductance has an 
direct current first starts to flow, and 
try to stop it. But in AC circuits the 
changing and inductance constantly 
change in current. 
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INDUCED EMF 
MAXIMUM 
NEGATI VE 

effect only when the 
then again when you 
voltage is constantly 
acts to retard the 



1 AMP 

1  t1   1 SEC 1 SEC 1 SEC I 2 SEC I 

In part A above, with the current increasing at 1 ampere 
per second, a counter voltage of 1 volt appears and opposes 
the increase in current. In part B, as the current is decreas-
ing, the inductive counter voltage of 1 volt is in a direction 
that tends to keep the current flowing. One henry is a very 
large value of inductance. Therefore, inductances in milli-
henrys (mh) and in microhenrys (A) are more often found. 

Ql. When current is trying to increase, inductance 
(makes it increase more quickly, slows down the 
increase). 

Q2. Inductance opposes a change in  

Q3. Which kind of current will be most affected by 
inductance, AC or DC? 

Q4. The usual symbol for inductance in formulas is the 
letter 

Q5. What units are used to measure the inductance of 
a coil? 

All conductors have some inductance. Straight wires have 
very small amounts, while coils have much more. In for-
mulas, inductance is represented by the letter L. A coil or 
inductor is indicated on diagrams by one of the following. 

SYMBOLS 

FOR 

INDUCTANCÉ 

The unit of inductance is the henry. A coil is said to 
have an inductance of 1 henry if the current through it, 
changing at a rate of 1 ampere per second, encounters an 
opposition, or counter voltage, of 1 volt. This means that 
the opposition to current change shows up as a voltage 
opposing the applied voltage. 

CHANGING 
CURRENT PRODUCES 
A COUNTER EMF +1v 

]. I I N Cali 

I COUNTER EME 
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Your Answers Should Be: 

Al. When current is trying to increase, inductance 
slows down the increase. 

A2. Inductance opposes a change in current. 

A3. AC is most affected by inductance. 

A4. The usual symbol for inductance in formulas is L. 

A5. Henrys, millihenrys, and microhenrys are units 
used to measure inductance. 

HOW DOES INDUCTANCE AFFECT AC? 

If a sine-wave voltage is applied across a resistor, the cur-
rent through the resistor is also a sine wave. At every in-
stant of the voltage wave, the current is determined by 
Ohm's law and equals E/ R. The two sine waves, voltage and 
current, are exactly in step; they are said to be in phase. 

Inductance resists a change in current. But the voltage of 
a sine wave is always changing, and therefore is always 
trying to change the current through an inductance. This 
means that inductance acts at all times in an AC circuit and 
retards the change in the current. This results in a current 
wave that is delayed after the applied voltage wave. The 
current wave lags the voltage wave by exactly 90°, or one 
quarter of the period of the sine wave. The two waves are 
out of phase by 90°. 

900 1800 2700 360° 

CURRENT LAGS THE VOLTAGE 
BY 90° IN AN INDUCTANCE 
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In a circuit containing only resistance, the voltage and 
current are in phase, and the voltage and current vectors 
have the same position. In a circuit having only inductance, 
the current vector is 90° behind the voltage vector. The 
length of each vector represents its magnitude. 

CURRENT VE','TOR LAGS moo 

VOLTAGE VECTOR BY 90° 

koo VOLTAGE 
VECTOR 

LeC,% z 
o 

00  

3600 

12700 

Inductance, unlike resistance, consumes no power. When 
the current in the circuit is increasing, inductance takes 
energy out of the circuit. It converts this energy into a 
magnetic field. When the current in the circuit is decreas-
ing, however, this magnetic field collapses, and all the energy 
returns to the circuit. Energy is borrowed, but none is used. 

Current mercases— 
Electricity Produces Magnetism 

CURRENT 
VECTOR 

Current Decreases— 
Magnetism Produces Electricity 

Q6. The current sine wave in an inductance (leads, lags) 
the voltage sine wave. 

Q7. Current lags voltage by one-quarter cycle, or 

Q8. In an inductor, applied leads 
 by 90°. 

Q9. How much power is used in a pure inductive circuit? 

Q10. An inductor stores electrical energy by producing 

a  
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Your Answers Should Be: 

A6. The current sine wave in an inductor lags the volt-
age sine wave. 

A7. Current lags voltage by one-quarter cycle, or 90°. 

A8. In an inductor, voltage leads current by 90°. 

A9. No power is consumed in a circuit containing only 
inductance. 

A10. An inductor stores electrical energy by producing 
a magnetic field. 

FACTORS INFLUENCING INDUCTANCE VALUE 

You have learned that inductance is a property of a circuit 
or of a component, and that a coil is the component with the 
most inductance. 

Several factors determine the amount of inductance in a 
coil. One of the most important factors is the number of 
turns in the coil. The inductance of a coil is proportional to 
the square of the number of its turns. This means that if 
a certain coil has twice as many turns as another, it will 
have four times as much inductance ; three times as many 
turns, it will have nine times as much inductance, etc. 

— Increasing Turns Increases Inductance — 

The diameter also affects the inductance of a coil. The 
larger the diameter, the more inductance it will have. 

— Increasing Coil Diameter Increases Inductance — 
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Placing an iron core in the center of a coil is another way 
;0 increase inductance. A coil wound on an iron rod has 
much more inductance than an air-core coil. This is because 
in iron core can sustain a much greater magnetic field than 
lir and, as you have learned, the inductance of a coil is 
:•elated to the amount of magnetism it can produce. 

CHANGING CORE MATERIAL CHANGES INDUCTANCE 

AIR CORE IRON CORE 

There are formulas for calculating the inductance of 
various types of coils. There are also tables for simple, 
me-layer coils. Using these formulas, you can design a coil 
:0 have any desired value of inductance, or calculate the 
value of an unknown inductance. 

Q11. The diameter of a coil and the kind of core it has 
are two factors that influence the amount of in-
ductance a coil has. Name another important 
factor. 

Q12. A coil with a large number of turns generally has 
(more, less) inductance than a coil with fewer 
turns. 

Q13. Which has a greater inductance, an iron-core coil 
or an air-core coil? Why? 

Q14. Which of the coils below do you think will have 
the greater inductance? 

AIR CORE 

Q15. Name three factors that influence the inductance 
of a coil. 
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Your Answers Should Be: 

All. Another important factor influencing the induct-
ance of a coil is the number of turns it has. 

Al2. A coil having a large number of turns generally 
has more inductance than a coil with fewer turns. 

A13. An iron-core coil has a greater inductance because 
the iron-core sustains a greater magnetic field and 
the coil can store more electrical energy in the 
magnetic field. 

A14. Coil B probably has more inductance than coil A 
because it has an iron core. 

A15. Three factors that influence the inductance of a 
coil are: diameter, number of turns, and type of 
core. 

INDUCTANCE AND INDUCTION 

Inductance is closely related to induction. Inductance is a 
circuit property. Induction, on the other hand, is the inter-
action between electric current and a magnetic field. When-
ever a current flows in a conductor, its sets up a magnetic 
field around the conductor. This is how solenoids and elec-
tromagnets work. 

CURRENT PRODUCES A MAGNETIC FIELD AROUND A 

CONDUCTOR 

MAGNETIC FIELD 

A good way to remember the direction of the induced 
magnetic field is the left-hand rule. With your left hand 
grasping the wire and your thumb pointing in the direction 
of the current, the curved fingers of your hand indicate the 
direction of the field. The direction of the magnetic field is 
always the direction toward the north-seeking pole of the 
magnet. 
A coil with a direct current flowing through it in a par-

ticular direction acts as a magnet with a fixed polarity, just 
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as if it were a bar magnet. When the current is AC instead 
of DC, the polarity of the magnetic field alternates in the 
same manner as the current. 

Conversely, if an electric conductor is moved through a 
magnetic field, an electric current is induced in the con-
ductor. This is how generators work. 

A Magnetic Field Induces Current in a Moving Conductor 

MAGNET 
MOVEMENT 

OF CONDUCTOR 

MAGNETIC 
FIELD 

INDUCED 
CURRENT 

MILLIAMMETER 

If a coil is connected to an ammeter and a bar magnet is 
moved through the coil, the ammeter will show that an 
electric current flows. This current is induced by the mag-
netic field only. If you move the bar magnet back and forth 
through the coil continuously, the induced current will be 
AC. Use the lowest amperage range on the multimeter for 
this experiment. 

A Magnet Moving in a Coil Produces an AC Current 

MILLIAMMETER 

Q16. An electric current flow produces a   

Q17. Moving a conductor in a magnetic field  
a current in the conductor. 

Q18. Inductance is opposition to a(an)   
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Your Answers Should Be: 

A16. An electric current flow produces a magnetic field. 

A17. Moving a conductor in a magnetic field induces a 
current in the conductor. 

A18. Inductance is opposition to a change in current. 

INDUCTIVE REACTANCE 

When current in an inductance is changing, the inductance 
opposes the change by generating a counter emf. In a DC 
circuit, this effect is present only at the time a switch is 
closed or opened, and it dies away in a few moments. 

In AC circuits, however, current is constantly changing, 
so inductance is constantly acting to oppose it. The faster 
the current changes, the more opposition there will be. 
Obviously, the higher the frequency of a sine wave, the 
faster the current will change. Inductance, therefore, tends 
to offer more opposition at high frequencies than at low 
ones. 

In an AC circuit this reaction to a changing current is 
present in addition to ordinary resistance. This opposition 
to the flow of an AC current through an inductance is called 
inductive reactance. The greater the inductance of the 
circuit, the greater is the inductive reactance. Inductive 
reactance does not oppose the flow of DC current (zero 

frequency). 
The more rapidly the current is changing, the greater the 

opposition, or inductive reactance, will be. Since the rate 
of change in the current depends on the frequency of the 
sine wave, the higher the frequency, the greater the opposi-
tion to current flow will be. The symbol for inductive 
reactance is XL. 
The formula for inductive reactance is: 

Xi, = 27rfL (ir --=- 3.14) 

Inductive reactance (XL) is measured in ohms, as resistance 
is (but don't confuse the two). In the above formula, L is 
the inductance in henrys, and f is the frequency in cycles 
per second. 
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From the formula, it is apparent that XI, increases with 
frequency. When the frequency is doubled, XI, doubles. Why 
is this? Because when the frequency is doubled, the current 
is reversing twice as fast, and the opposition to this change 
(caused by the inductance) also doubles. Notice, too, that 
if the frequency in the formula is equal to zero, inductive 
reactance disappears completely. A DC current has zero 
frequency and is not affected by inductance. 

Inductance is very useful because every inductive circuit 
is frequency-sensitive. This principle is used in filters, an-
tennas, and many other applications. It means that an 
inductive circuit passes direct current and low-frequency 
alternating current, but it impedes the higher frequencies. 

Q19. The opposition of a coil to the flow of AC current 
is called  . 

Q20. In what kind of units is Xi, measured? 

Q21. Inductive reactance depends on the value of induct-
ance and . 

Q22. How is the inductance of a circuit affected by the 
input signal? 

Q23. How is the inductive reactance of a circuit affected 
by the input signal? 

Q24. What is the inductive reactance of the coil in the 
following circuit? 

Q25. How much current is flowing in the above circuit? 

Q26. If the frequency of the AC source in the above 
circuit is doubled, the inductive reactance will 
(decrease, increase, remain the same). 

Q27. If an ohmmeter is used to measure a coil, the read-
ing will indicate (DC resistance, inductive react-
ance). 
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Your Answers Should Be: 

A19. The opposition of a coil to the flow of AC current 
is called inductive reactance. 

A20. XL is measured in ohms. 

A21. Inductive reactance depends on the value of in-
ductance and frequency. 

A22. Inductance is not affected by the input signal. 

A23. Inductive reactance increases as the frequency of 
the input signal increases. 

A24. XL = 27,-fL 
= 2 X 3.14 >< 100 >< 1 
= 628 ohms 

E 120 n 1111 . WM11.1... A25. T 1 = - CLUIIMI 

XL 628 
A26. If the frequency of the AC source is doubled, the 

inductive reactance will increase. 

A27. If an ohmmeter is used to measure a coil, the 
reading will indicate DC resistance. 

APPLICATION OF INDUCTANCE 

Because inductive reactance depends on frequency, induct-
ance is often used in filters. Filters are special circuits which 
have the property of allowing certain frequencies to pass 
while blocking others. There are, for example, low-pass 
filters which pass high frequencies and block low ones, and 
band-pass filters which pass only a certain band of fre-
quencies. 
Here are two simple filters that depend only on inductance. 

The first one, which has an inductance in series, blocks high 
frequencies. It is a low-pass filter. 

EOUT A LOW-PASS FILTER 

The second circuit has an inductance in parallel, or across 
it. This inductance will bypass the low frequencies. As the 
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frequency increases, voltage across the inductor increases. 
Therefore, there is more output voltage at high frequencies, 
and the circuit acts as a high-pass filter. 

A HIGH-PASS' FILTER 

If you have a signal generator, you can build a simple 
filter circuit like the one shown below and see how it reacts 
to different frequencies. 

FILTERS USE INDUCTANCE 

SIGNAL 
GENERATOR 

10Q RESISTOR 

4-HENRY 
CHOKE 

Voltages can be measured between points A and C, A and 
B, and B and C. Pick about 12 equally spaced frequencies. 
Using each as an input, measure and record both the input 
and output voltages. 

Q28. A filter that allows muy high frequencies to pass 
is called a   

Q29. A is designed to allow 
only a certain band of frequencies to pass. 

Q30. Draw a schematic of a simple low-pass filter. 

Q31. Between which points would you measure the input 
voltage to the filter circuit in the second illustra-
tion above? 

Q32. Between which points would you measure the low-
pass output of the filter? 

Q33. Between which points would you measure the high-
pass output of the filter? 
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Your Answers Should Be: 

A28. A filter that allows only high frequencies to pass 
is called a high-pass filter. 

A29. A band-pass filter is designed to allow only a cer-
tain band of frequencies to pass. 

A30. Your schematic should look like this: 

E IN E OUT 

A31. Measure input voltage between points A and C. 

A32. Measure the low-pass output between A and B. 

A33. Measure the high-pass output between B and C. 

TRANSFORMERS 

You are now aware that a moving magnetic field generates 
an electric current in a conductor, and also that current flow-
ing in a conductor produces a magnetic field. These two 
effects can be combined in a circuit such as this. 

PRIMARY COIL 

SECONDARY COIL 

AC 
SOURCE 

AMMETER 

THE 

TRANSFORMER 

PRINCIPLE 

One coil has a current flowing in it. It is an AC current that 
sets up an alternating magnetic field in and near the coil. 
If another coil is placed next to it, there will be a second 
alternating current induced in the second coil. The first coil 
is the primary, the second coil is the secondary, and the 
combination of the two is a transformer. Most commercial 
transformers appear as shown on the next page. 
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MOST TRANSFORMERS HAVE AN IRON CORE 

An iron core is used to increase the magnetic flux and 
to channel it to the secondary coil. The primary coil sets 
up a magnetic field in the core, and the secondary coil con-
verts the field back to electric current. Power is actually 
transferred from the primary to the secondary. A lamp or 
other load placed in the secondary circuit will operate. 
One of the main advantages of using transformers is that 

they can change voltage. They do this because the voltage 
induced in the secondary depends on the number of turns 
in the secondary as compared to the number of turns in the 
primary coil. If the turns in the secondary are doubled, the 
induced voltage will also be doubled (but no more power, 
because the current will be halved). The voltage ratio of 
the secondary to primary is the same as the turns ratio. 
So, if the primary of a transformer has 1,000 turns and the 
secondary has 100 turns, it is a step-down transformer 
because it steps down the primary voltage by 10 ( 1,000/100). 
If the connections are reversed, it becomes a step-up trans-
former with the same ratio. 

Q34. In the primary coil of a transformer, electric cur-
rent produces a  

Q35. In the secondary coil of a transformer, a mov-
ing magnetic field produces a(an)   

Q36. How does a transformer work? 

Q37. Will a transformer work with DC electricity? 

Q38. If a transformer has 100 turns in one coil and 200 
turns in the other, how could you get a 240-volt 
output using ordinary household current? 
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Your Answers Should Be: 

A34. In the primary coil of a transformer, electric cur-
rent produces a magnetic field. 

A35. In the secondary coil of a transformer, a moving 
magnetic field produces an electric current. 

A36. An AC current produces a changing magnetic field 
in the primary coil of a transformer. This chang-
ing field produces an AC electric current in the 
secondary coil of the transformer. 

A37. No. A transformer will work only with AC. 

A38. Apply the 120V household current to the 100-turn 
coil and you will get 240V from the 200-turn coil. 

PULSE RESPONSE 

When pulses are applied to a circuit containing an in-
ductor, the inductor opposes a change of current in its usual 
way. The effect of this is to distort the waveform of the 
current through the inductor by rounding off the corners 
on the leading edge. 

L_ 
APPLI ED VOLTAGE 

CURRENT 
THROUGH INDUCTOR 

An Inductor Rounds Off 

a Current Waveform 

The voltage across the inductor is affected in just the 
opposite way. An increase in current tends to cause a sharp 
increase of voltage in the positive direction. A decrease 
in current causes an increase of voltage in the negative 
direction. 

APPLIED VOLTAGE 

VOLTAGE 
ACROSS INDUCTOR 
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An Inductor Exaggerates 

a Voltage Waveform 



Inductive circuits are used in practically all electronic 
equipment. The frequency-sensitive characteristics of an 
inductor find practical uses in a TV receiver, for example. 
High video frequencies are not amplified as much as low 
video frequencies as they pass through the various stages 
of the set. However, the quality of the picture displayed on 
the screen depends to a large extent on an equal amplifica-
tion of both the high and low frequencies. Peaking coils are 
therefore used in the better-quality receivers to equalize the 
amplification of high and low frequencies. The high fre-
quencies cause a larger voltage drop across the peaking coils 
than the low frequencies. This tends to compensate for the 
unbalance in amplification, resulting in a better picture. 
Inductors are also used in some hi-fi speaker systems to 

improve sound reproduction quality. The low audio fre-
quencies are separated from the high audio frequencies by 
an inductive filter circuit. The lows are then fed to the 
larger speakers (woofers) and the highs to the smaller 
speakers (tweeters). Thus, each speaker reproduces only 
those frequencies which it can handle without distortion. 
This results in a more faithful and distortion-free reproduc-
tion of the amplified sound. 

Q39. Inductance opposes a change in current. It tends 
to round off the corners on the leading edge of 
the waveform of a pulse. 

Q40. The effect of inductance on the voltage waveform 
of a pulse is the opposite of its effect on the cur-
rent waveform; it will turn a corner into a sharp 
spike in the waveform. 

Q41. In the figure at the bottom of the opposite page. 
what happens to the inductor voltage when the 
current increases? 

Q42. What happens to the inductor voltage when the 
current decreases? 

Q43. Why must a TV receiver amplify the high video 
frequencies as much as it amplifies the low video 
frequencies? 

Q44. What is the name of the components that are used 
to equalize the gain for high and low video fre-
quencies in many TV receivers? 
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Your Answers Should Be: 

A39. Inductance opposes a change in current. It tends 
to round off the corners on the leading edge of the 
current waveform of a pulse. 

A40. The effect of inductance on the voltage waveform 
of a pulse is the opposite of its effect on the cur-
rent waveform; it will turn a corner into a sharp 
spike in the voltage waveform. 

A41. The voltage increases in the positive direction. 

A42. The voltage increases in the negative direction. 

A43. The gain must be uniform to provide a good-qual-
ity picture. 

A44. Peaking coils are used to equalize the video gain. 

 k 

WHAT YOU HAVE LEARNED 

1. Inductance opposes a change in current and makes the 
waveform of an AC current lag the voltage by 90°. 

2. Inductance is measured in henrys, millihenrys, or micro-
henrys. 

3. Inductance uses no power; it only "borrows" energy for 
a short time. 

4. Three factors that influence the inductance of a coil are 
number of turns, diameter of the coil, and type of core. 

5. Induction is the creation of a magnetic field by an elec-
tric current or of an electric current by a magnetic 
field. 

6. Transformers work by induction. 

7. Inductive reactance acts similarly to resistance in an 
AC circuit and is measured in ohms. 

8. The formula for inductive reactance is: 

XL = IrfL 

9. You have learned how to use inductance to construct a 
simple filter circuit. 

10. You have learned how inductance affects the waveform 
of pulses. 
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10 

R,L Circuits 

You are now going to 

What You learn how to find the 
equivalent reactance of in-

Will Learn ductors in series and in 
parallel. You will become 

acquainted with some of the ways to measure the rela-
tive importance of R and L in a component or circuit 
and how to find the time constant of a circuit. You 
will be able to add reactance and resistance to find 
impedance. You will discover how the combination of 
resistance and inductance affects the phase relations 
of voltage and current. You will also learn how to cal-
culate current and power in RL circuits. 

INDUCTIVE CIRCUITS 

A good way to understand circuits containing inductance 
is to work through a simple problem. For example, the fol-
lowing illustration shows a schematic of a basic inductive-
reactance AC circuit. 

A 1M SIC INDUCTIVE 

—RESISTIVE CIRCUIT 

Assume that the resistance in the leads and the coil is neg-
ligible. The problem is to find the rms value of the current 
in this circuit. 
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Ohm's law still applies. 

I = f- = --1--20 = 6 amperes 
XL 20 

You have learned that power in a circuit is: 

P=EI 

where, 

E is the voltage, 
I is the current. 

With a sine wave the power at any time during the cycle is 
the product of the voltage and the current at that moment. 
In a resistive circuit, power has a pulsating waveshape. 

..---" 
VOLTAGE 

CURRENT 

POWER IN A 

RESISTIVE CIRCUIT 

You have already learned that no power is dissipated in a 
circuit that contains only inductance. A look at the wave-
forms below will help you understand this. 

TIME 

0 

POWER 
A B C 

I , E .47  
i I 1 I I L VOLTAGE 
I i 
I I 

\ 
I CURRENT 

.0/ POWER IN AN 

INDUCTIVE 

CIRCUIT 

Between points B and C, both current and voltage are 
positive. If you multiply their values, it appears that power 
is being dissipated exactly as in a resistive circuit. Between 
points D and E, both current and voltage are negative, and 
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again you have exactly the same situation as in a resistive 
circuit—power appears to be dissipated. But between points 
A and B and points C and D there is a situation that never 
exists in a resistive circuit. 
As you can see, there are pulses of negative power as well 

as positive power. The positive-power pulses represent the 
time when the circuit is utilizing power to produce a mag-
netic field. The negative-power pulses represent the time 
when the circuit is absorbing power from the magnetic field. 
The negative pulses and the positive pulses are equal and 
cancel each other, so the total power dissipated is zero. 
An important rule that you must remember is: 

When you multiply positive values by positive values, 
or negative values by negative values, the results are 
positive values. 

When you multiply positive values by negative values, 
the results are negative values. 

= 20S2 

Inductive reactance in a circuit changes with frequency, 
but inductance stays the same. To find how the above circuit 
behaves at other frequencies, you must determine the in-

ductance. Use the formula: 

X L (this is a form of XL — 2/rfL) 
27rf 

Ql. Is voltage positive or negative between points A 
and B in the figure at the bottom of the opposite 

page? 

Q2. Is current positive or negative between A and B? 

Q3. Is power positive or negative between A and B? 

Q4. What is the amount of inductance in the circuit 
shown above? 

Q5. How much current will flow in this circuit if the 
applied voltage is 100V at a frequency of 100 cps? 
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Your Answers Should Be: 

Al. Voltage is positive. 

A2. Current is negative. 

A3. Power is negative. 

A4. About 0.053 henry. 

A5. XI, is 33.3 ohms. 

E NO  
X, 33.3 

3 amperes 

Inductors in Series 

The simplest form of a series inductive circuit is one with 
two inductors in series. 

A SERIES INDUCTIVE 

CIRCUIT 

To find the current in the circuit, add XL1 and X1,o, and 
then use Ohm's law with the equivalent XL. 

If the value of each inductance (L) is known, add the 
individual inductances to find the total inductance and then 
calculate XL,,, for the circuit. 

Parallel Inductive Circuits 

A circuit containing pure inductances in parallel can be 
treated much like a parallel resistance circuit. 

INDUCTANCES IN 
PARALLEL 

This simple parallel circuit can be solved by the formula: 

XL,eq 
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As with resistance, the equivalent inductive reactance of 
two inductors in parallel is always smaller than that of 
either single inductor. Combined series and parallel circuits, 
or large groups of inductors in parallel, can be simplified in 
steps by the same method you have used with resistances. 

A CIRCUIT CONTAINING SERIES AND PARALLEL INDUCTANCES 

CAN 8E SIMPLIFIED 

X = 2Q X 1Q 

XL - 2Q 

XL = 2S2 

6V 
1000 XL ' 5Q 
cps 

Q6. What is the equivalent X1, in the following circuit? 

L1 - 0.01h L2 - 0.003h 

Q7. How much current will flow in this circuit? 

Q8. How much power will be dissipated in this circuit? 
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Your Answers Should Be: 

A6. XL = 2efL = 2 >< 3.14 X 2,400 X .02 = 301 ohms 

A7. I = = — 0 12 = .399 ampere 
XL 301 

A8. No power will be dissipated. 

Q FACTOR 

An RL circuit is one that contains both resistance and 
inductance. You are more likely to encounter circuits of 
this sort than pure inductive circuits or pure resistive cir-
cuits. In fact, even the connecting conductors in a circuit 
have some inductance, and every coil has some resistance. 

It is sometimes important to know how "good" or how 
"pure" the inductance of a coil is. This quality is usually 
measured with a factor called Q. This is simply a ratio, 

XL 
Q = With a large Q, the power loss in the coil will be 

R • 
small, and the inductance will be more efficient. Notice, 
however, that Q varies with frequency, because the inductive 
reactance varies. 
For example, a coil with an XL value of 5,000 ohms at 

10,000 cps and a DC resistance of 50 ohms has a Q at that 
,0  

frequency of 500 — 100. If this same coil is used at 5,000 
50 

cps, its inductive reactance will only be 2,500 ohms, and its 
500 Q will equal 2, — 50. 
50 

TIME CONSTANT 

A different measure of the relative amounts of resistance 
and inductance is very important when dealing with pulse 
circuits. The shape of a pulse is changed by inductance. 
When a pulse is passed through an RL series circuit, the 

roundness of the current rise and the time it takes for the 
current to rise to its final value depend on the amounts of 
inductance and resistance in the circuit. As you would 
expect, the greater the value of inductance, the slower the 
current will build up. At the same time, the resistance in 
the circuit has the opposite effect—the smaller the resist-
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ance, the longer the current takes to reach the steady-state 
condition. (The reason is that when the resistance is smaller, 
the final current will be larger, and it will therefore take 
longer to reach this final value.) 

INCREASING THE TIME CONSTANT 

INCREASES THÉ AMOUNT OF 

DISTORTION 

LJL 

When dealing with filters and pulse circuits, circuits con-
taining L and R in series are often described by their time 
constant. This is a measure of how quickly the current in 
the circuit reaches its final peak value. The time constant 
equals L/R and is expressed in seconds. If a circuit has an 
L R time constant of one-half second, the current will reach 
63'; of its maximum (peak) value in one-half second when 
a voltage is applied to the circuit. 

L/R Tells How Long 
It Takes a Pulse 
to Reach 63% 
of its Peak 

63% OF 
PEAK 

PEAK VALUE 

TIME CONSTANT (SEC. I- L (henrys) 
11) ohms) 

Q9. A "pure" inductance (which has no resistance) 
would have a ( high, low) Q. 

Q10. If you purchased a coil with a low Q, you would 
expect it to have a relatively ( high, low) DC 
resistance. 

Q11. If a coil has a high Q at 1,000 cps, would you expect 
it to have a higher or lower Q at 5,000 cps? 

Q12. If the inductance of a circuit is 3 henrys and the 
resistance of the circuit is 5 ohms, how long will 
it take for a pulse to reach 63% of its maximum 
value? 

Q13. The time constant of a circuit indicates the time it 
takes a pulse to reach _try° of its maximum value 
in that circuit. 
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Your Answers Should Be: 

A9. A "pure" inductance would have a high Q. 

A10. A coil with low Q would have a relatively high DC 
resistance. 

All. At an increased frequency, you would expect Q to 
increase. 

Al2. It would take a pulse —L = —3 = 0.6 second to reach 
R 5 

63 (/( of its maximum value. 

A13. The time constant of a circuit indicates the time 
it takes a pulse to reach 63% of its maximum 
value in that circuit. 

PHASE 

It has been previously explained that AC voltage and cur-
rent are always in phase in a purely resistive circuit and 
that AC current through an inductance always lags the 
applied voltage by 90°. When resistance and inductance are 
combined in a single circuit, the amount of phase difference 
between the current and voltage depends on which (resist-
ance or inductance) has the greater value; that is, it depends 
on the Q of the circuit. 

If the applied voltage is a sine wave, the current through 
an RL circuit will also be a sine wave. Therefore, you can 

One Current Vector Can Represent the Combined Effect 
of Resistive and Inductive Currents 

IR 
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think of it as being generated by a rotating current vector. 
However, this vector is a combination (or resultant) of 

the resistive and inductive current vectors. 
As you see, these two vectors form the two sides of a 

rectangle, and the overall (resultant) current vector is the 
diagonal of the rectangle. The angle labeled with the symbol 
0 is the phase angle, the number of degrees by which the 
overall current lags voltage. 

IMPEDANCE 

To find the current flowing in a purely inductive circuit, 
you apply Ohm's law, using inductive reactance instead of 
resistance (I = E/XL). Inductive reactance, of course, equals 
27rfL and varies with frequency and inductance. 
What happens when both resistance and inductance are in 

series in the same circuit? Say, for example, that the resist-
ance is 3 ohms, and the inductive reactance (for a specific 
frequency) is 4 ohms. 

As you know by now, the current through the resistance 
in an AC circuit is in phase with the applied voltage sine 
wave, while the current in the inductance lags 90° behind 
the voltage. Just as the rms value of resistive current can-
not be added to the rms value of the inductive current to 
find the overall current, the 3 ohms of resistance cannot be 
added to the 4 ohms of inductive reactance. Instead, the 
overall effect of the two must be found in the same way that 
the overall current vector is found. The overall effect of 
resistance and reactance working together is called imped-
ance. The symbol for impedance is Z. 

Q14. If the current lags the voltage by 85° in a circuit 
with an input at 1,000 cps, do you think an input 
at 450 cps is more likely to cause the current to 
(a) lag by 89°, ( b) lead by 45°, (c) lag by 15°? 

Q15. Draw vector lines representing 3 ohms of resist-
ance ( R) and 4 ohms of inductive reactance (XL) 
on a sheet of paper. 

Q16. Complete your vector diagram to find the imped-
ance presented by the 3 ohms of resistance and 4 
ohms of inductive reactance. Measure the diagonal. 
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Your Answers Should Be: 

A14. Current is most likely to ( c) lag by 15°. 

A15. You should have drawn vector lines that look like 
this. 

I XL • 40 

R • 30 
é é ow 

A16. Your vector diagram should look like this. Z is 
5 ohms. 

Relationship of XL, R, and Z 

One simple way to find the overall effect of 3 ohms of 
resistance and 4 ohms of inductive reactance is to draw a 
line 4 units long pointing downward. This line represents the 
inductive reactance. Then draw a line to the right 3 units 
long. This line represents the resistance. The two lines form 
two sides of a rectangle. The diagonal of this rectangle will 
represent the impedance. 

Notice the angle between the R and X, vectors. This angle 
is usually indicated by the Greek letter theta (0) and is 
referred to as the phase angle. 

It is not enough to say that a circuit has an impedance 
of 5 ohms; you must also know the angle by which the 
current and voltage are out of phase. There are two ways 
to do this. You can express impedance in polar form, ZA 
In the example above, Z is 5. Or you can express the 
impedance as the sum of 3 ohms resistance plus 4 ohms 
inductive reactance. A short way of saying this is 3 + j4. 
The j tells you that the 4 is 90° behind the 3. In general 
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Z = R jXL. This is the rectangular form of impedance. 
Although you can find impedance by drawing vector dia-
grams and measuring, there are other ways of finding the 
value of impedance. 

As long as o remains the same, the proportion between 
reactance and impedance will be the same. The proportion 

between resistance and impedance and between reactance 
and resistance will also be the same. 

When any two facts about a combination of XL and R are 
known, the other facts can be found by using a table of 
trigonometric functions. An example of such a table is 
shown on page 270. 

Trigonometric relationships of XL, R, and Z. 

tan 0 = —XL or R — X L 
tan O 

sin 0 = --LX or Z — X L 
sin 0 

cos 0 = or Z 
cos 0 

Using the above relationships, the impedance of an induc-
tive circuit for which XL is 7 ohms and R is 10 ohms can 
be found. 

tan O = 21Ç-IL — 0.700 

0 = 35° (from table on page 270) ; sin 9 = 0.574 

Z X L =  7  0.574 12.2 /35° ohms sin 0  

Q17. What happens to O if both R and XL are doubled? 

Q18. What happens to Z if both R and XL are doubled? 

Q19. What happens to R and XL if Z stays the same but 
O is increased? 

Q20. What is O if R is 17.33 ohms and XL is 10 ohms? 

Q21. What is Z for Q20? 

Q22. If R is 12 ohms and O is 30°, what is Z? 

Q23. If XL is 20 ohms and O is 30°, what is Z? 
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Your Answers Should Be: 

A17. If you double both R and XL, 0 remains the same. 

A18. If you double both R and XL, Z is doubled. 

A19. If 0 is increased, XL becomes larger and R smaller. 

A20. tan 0 = XL/R = 30° 

A21. Z = XL/sin 0 = 20 /30° ohms 

A22. Z = R/cos 0 = 13.9 /30° ohms 

A23. Z = XL/sin 0 = 40 /30° ohms 

Current in an RL Circuit 

When inductors and resistors are connected in series in 
a circuit, simply add all the inductive reactances and all the 
resistances separately to get an equivalent circuit with one 
inductive reactance and one resistance. 

If it is necessary to find the impedance of this circuit, 
begin by simplifying it. 

XL1 200 XL2 150 

00-0 
R - 30f2 

700V 
120 cps 

XL3 = 150 

 LQ.00  

R3 = 200 

R2.70Q 

Even though XL and R values are scattered through the 
series circuit, they may be added directly. Thus, 

XL TOTAL == X1.1 ± X1.2 ± X1.3 — - 20 + 15 + 15 = 50 ohms 
Et TOTAL = RI + R2 + R3 = 30 + 70 + 20 = 120 ohms 

The circuit above is equal to this equivalent circuit. 
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POWER IN RL CIRCUITS 

All power is dissipated in resistance. You have also learned 
that the formula for power is P = I2R. This is the only 
formula that should be used to find power in AC systems. 

POWÉR IN AN 

RI CIRCUIT 

POWER DISSIPATED = 
...„1 POWER DI SS I PATED:1 2R1 

POWER DISSIPATED =0 

XL2 
••• 
POWER DISSIPATED = 

POWER DISSIPATED = 12R2 

Go through all the steps necessary to find the power dis-
sipated in the following circuit. (See Q24 through Q27.) 

Q24. What is the inductive reactance of the coil? 

Q25. What is the impedance of the circuit? 

Q26. How much current flows through the circuit? 

Q27. How much power is dissipated in the circuit? 

Q28. Here is a more complicated circuit. Notice how 
the current divides in the parallel parts. Kirch-
hoff's law is used to determine how the current 
divides. How much power is dissipated in this 
circuit? 

R 2Q L - 5.12 mh 

60 cpt. 

40 
5 AMPS 

2 AMPS 

L-2.66 mh 

¡ MAPS 

RA 10 

Q29. Suppose a 4-henry filter choke and a 2,630-ohm 
resistor are wired in series across the terminals of 
a transformer that supplies 15 volts at 60 cps. 
Draw a schematic of the circuit. 

Q30. How much current will flow in the circuit? 

Q31. How much power will be dissipated by the resistor? 
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Your Answers Should Be: 

A24. XL = 27rfL = 4 ohms (approx) 

A25. Z = 5/33° ohms 

A26. I = —E = 2 amperes 

A27. The power dissipated is: P = PR = 12 watts 

A28. Since the current is known, the inductors can be 
disregarded. Use P = PR to find the power dissi-
pated in each resistor. 

Pi = 5 X 5 X 2 = 50 watts 
P2 = 5 X 5 X 4 = 100 watts 
P3 = 2 >< 2 >< 2 = 8 watts 
P4 = 3 X 3 X 1 = 9 watts 

TOTAL 

A29. 

15V 
••::7 60 cps. 

167 watts 

2 2,000Q 

L • 4 h 

15 _ 
A30. XL— 1,507 ohms E 00ma (approx.) 3,0  

R = 2,630 ohms 
Z = 3,000 /30° ohms (approx.) 

A31. P = PR = 0.072 watt 

WHAT YOU HAVE LEARNED 

1. Series and parallel inductive reactances can be com-
bined in the same way as resistances. 

2. L/R is the time constant of an RL circuit and indicates 
the time in seconds it takes a pulse to reach 63 % of its 
maximum value. 

3. Q is the ratio of XL to R in a coil. 
4. The phase angle in an AC circuit is determined by the 

proportions of XL and R. 
5. XL and R are added vectorially to find impedance. 
6. Impedance may be expressed as ZA or R iXL. 
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11 

The Effect of 
Capacitance 

When you have finished 

What You this chapter, you will 
know how capacitance af-

Will Learn fects AC and pulses. You 
will learn how capacitance 

blocks DC but allows AC to pass more and more easily 
as the frequency increases. An explanation of how 
capacitance causes applied voltage to lag the current and 
how it distorts the voltage waveforms of pulses is given. 
You will become familiar with the units in which capaci-
tance is measured and the factors that influence the 
value of a capacitor. You will be able to calculate capaci-
tive reactance. 

WHAT IS CAPACITANCE? 

Capacitance is the property of an electrical circuit that 
opposes a change in voltage. Capacitance has the same reac-
tion to voltage that inductance has to current. This means 
that if the voltage applied across a circuit is increased, 
capacitance will resist that change. If the voltage applied 
to a circuit is decreased, capacitance will oppose the decrease 
and try to maintain the original voltage. 

In a DC circuit, capacitance has an effect only when volt-
age is first applied, and then again when it is removed. 
Note that current cannot flow through a capacitance. How-
ever, AC current appears to flow through a capacitance— 
you will learn how later. Since voltage is constantly chang-
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ing in AC circuits, capacitance acts at all times to retard 
these changes in voltage. 
A basic capacitor (sometimes called a condenser) is shown 

below. It consists of two conducting metal plates separated 
by a layer of air or other insulating material, such as paper, 
glass, mica, oil, etc. The insulating layer is called the 
dielectric. 

DIELECTRIC LAYER 

A BASIC CAPACITOR 

All capacitors have these two plates and a separating 
layer. In practice, these are often stacked or even rolled 
into a compact form. Sometimes the dielectric is a paste or 
a liquid instead of a solid. 

Capacitor Plates Are Often Stacked or Rolled To Save Space 
PLATE 

PLATES 

.CRIC DIELECTRIC 

This is the circuit symbol for a capacitor. 

CIRCUIT SYM8OLS FOR A CAPACITOR 

VAR IABLE 

--I (--
FIXED 

When a capacitor is first connected to a battery, electrons 
from the negative terminal of the battery flow to the 
nearest capacitor plate and remain there. They can go no 
farther, since the opposite plate is separated from the first 
by an insulating layer. Electrons are moved from the oppo-
site capacitor plate and flow into the positive terminal of 
the battery. After this initial movement of electrons, one 
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plate is filled with all the electrons that the battery voltage 
can force into it, and the other plate loses the same number 
of electrons. This means that one plate has a negative 
charge and the other plate has an equal positive charge. No 
further current flows; the capacitor is "charged." 

Positive and negative charges attract each other, so there 
will be a force between the plates of the capacitor. There 
is also a voltage between them that is equal to and opposes 

the voltage of the battery. 
Because it takes a certain specific number of electrons to 

fill the negative plate, we say that the capacitor has a cer-
tain capacity, or capacitance. 
You can see this happen if you take a capacitor (say 0.25 

mfd, 600V) and connect the probes of an ohmmeter to the 
capacitor leads or terminals, using a very high-ohms range 
(R X 1 MEG). Notice that as soon as the connection is 
made, there is a sudden drop in the ohms reading as the 
battery in the ohmmeter provides current to charge the 
capacitor. Immediately following this decrease, the reading 
increases toward infinity. This shows there is some current 
at first (the charging current), but it quickly disappears and 
the resistance becomes infinitely large. 

OBSERVING THE CHARGE OF A CAPACITOR 

O. 25-MF D 
CAPACITOR 

Ql. Name two differences between capacitance and 
inductance. 

Q2. Draw a circuit diagram of a capacitor connected 
across the terminals of a battery. 

Q3. Explain what happens when you remove the battery 
from across a charged capacitor and place a short-
ing wire across the leads of the capacitor. 

Q4. What would happen if you tried to repeat the above 
experiment without first discharging the capacitor? 
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Your Answers Should Be: 

Al. Capacitance opposes a change in voltage while in-
ductance opposes a change in current. Capacitance 
blocks DC while inductance does not. 

A2. Your circuit diagram should look like this. 

A3. The electrons from the negative plate rush through 
the shorting wire to the positive plate until both 
plates have the same number of electrons. The volt-
age across the plates is then zero. 

A4. Once the capacitor has been charged, there is no 
"kick" (needle movement) when you connect the 
ohmmeter probes. The capacitor is already full and 
can take no more charge. 

CAPACITANCE MEASUREMENTS 

The usual symbol for capacitance is C. Capacitance is 
measured in farads. The amount of capacitance in a capaci-
tor is the quantity of electrical charges ( in coulombs) which 
must be moved from one plate to the other in order to create 
a potential difference of 1 volt between the plates. The num-
ber of coulombs transferred is called the charge. 
One farad is the capacitance in which a charge of 1 cou-

lomb produces a difference of 1 volt between the plates. The 
larger the capacitance of a capacitor, the more charge it will 
hold with the same voltage applied across the plates. 
Capacitance values are usually specified in microfarads 

(millionths of a farad, abbreviated mfd or 4) or in micro-
microfarads. Micromicrofarads are also called picofarads 
(millionths of a microfarad, abbreviated mmf, F.tp.f, or pf). 
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HOW DOES CAPACITANCE AFFECT AC? 

Although current cannot flow through a capacitor, an AC 
current appears to do just that. The reason lies in the 
nature of capacitance. If the voltage across the plates is 
continuously varied, the number of electrons on the plates 

varies. 
Increasing the number of electrons on one plate of a 

capacitor repels electrons from the other plate. Decreasing 
the number of electrons on the first plate allows electrons 
to be attracted back to the other plate. 

AC CAN PASS THROUGH A CAPACITOR 

ELECTRONS ELECTRONS ELECTRONS ELECTRONS 
4.mmosai1 

REPELLED ADDED RETURNED TAKEN AWAY 

 H   H  

Li 
An AC voltage can, in effect, get across the dielectric; 

since the voltage is alternating, it causes an AC current on 
the other side. In other words, voltage changes are trans-
mitted across the gap. 

If a capacitor has the same voltage as the applied voltage, 
no current wilt flow to or from it. If the applied volt-
age changes, the capacitor voltage will no longer equal the 

applied voltage. Current will flow trying to equalize the two. 
In a circuit this means that if an AC sine-wave voltage is 

applied across a capacitor, an AC sine-wave current will 
appear on the opposite side, even though no electrons cross 

the dielectric layer. 

Q5. The capacitance of a capacitor is measured in 

Q6. A millionth of a farad is called a  
and is abbreviated as —_— or 

Q7. A   is a millionth of a 
microfarad and is abbreviated _— _ , — or . 

Q8. Current will flow from one plate of a capacitor to 
the other plate only when is changing. 
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Your Answers Should Be: 

A5. The capacitance of a capacitor is measured in 
farads. 

A6. A millionth of a farad is called a microfarad and is 
abbreviated as mfd or id. 

.17. A micromicrofarad is a millionth of a microfarad 
and is abbreviated mmf, ¡LA or pf. 

A8. Current will flow through a capacitor only when 
voltage is changing. 

PHASE 

Just as with inductance, current and voltage are not in 
phase in a capacitive circuit. The voltage lags the current 
(current leads the voltage) by 90°. 

CURRENT LEADS VOLTAGE IN A CAPACITOR 

At any instant, the current flowing into or out of a cap.ci-
tor is proportional to the rate of change of the applied 
voltage. This can be seen in the illustration on the next 
page. The applied voltage is changing most rapidly at time 
A, the beginning of the sine-wave cycle. Therefore current 
flow is maximum. At time B the voltage across the capaci-
tor has reached its peak and, for the moment, is not chang-
ing. Therefore current at this instant is zero. At time C, 
voltage across the capacitor again is changing quite rapidly 
(but in the negative direction), and so the current is at its 
negative peak. At time D, when the voltage reaches its 
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negative peak and is momentarily not changing, the current 
waveform passes through zero once more. 

If we trace the current from point to point along the 
voltage waveform, the result is a sine wave, but it is one 
that leads the voltage by exactly 90°. This shows that if the 
voltage across the capacitor is a continuous sine wave with 
a constant amplitude, the current through the capacitor 
circuit is a sine wave that is 90° ahead of the voltage. 

CURRENT IS DETERMINED BY THE VOLTAGE CHANGE 

A B C D 

I MAX E CONSTANT I 
E ACROSS 

___,------CAPACITOR 

ZERO 

E 
USING RAPIDLY 1 MAX 

E 
FALLING 
RAPIDLY 

E CONSTANT 

Current and voltage vectors in a capacitive circuit are 90° 
out of phase. In this case the current vector is ahead of the 
voltage vector by 90°. 

THE CURR. NT VECTOR 

LE DS 

THE VOLT GE VECTOR 

Q9. When an AC voltage across a capacitor is maximum, 
AC current through the circuit is — — — — . 

Q10. When an AC current through a capacitor circuit 
is maximum, AC voltage across the capacitor is 
— — — — . 

Q11. Contrast the phase relationship of AC voltage and 
AC current in an inductor and in a capacitor. 
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Your Answers Should Be: 

A9. When an AC voltage across a capacitor is maxi-
mum, AC current through the circuit is zero. 

A10. When an AC current through a capacitor circuit 
is maximum, AC voltage across the capacitor is 
zero. 

All. In an inductor, voltage leads current by 90°; in a 
capacitor, voltage lags current by 90°. 

FACTORS AFFECTING CAPACITANCE VALUE 

The amount of electrical charge that can be stored in a 
capacitor (the number of electrons that can be placed on 
the plate) varies with the area of the plates. Consequently, 
capacitance varies directly with area—if the area is doubled, 
the capacitance is doubled. When the area is doubled or 
twice as many plates are connected in parallel, there is twice 
as much area to store electrons, and the capacitance is there-
fore twice as great. 

Plate Area Affects Capacity 

INCREASING 
PLATE AREA  
INCREASES 

CAPACITANCE 

Capacitance can also be increased by placing the plates 
closer together. When the plates are closer, the attraction 

Distance Between Plates Affects Capacity 

INCREASING 
DI STANCE 

BETWEEN PLATES 
DECREASES 

CAPACITANCE 

between the negative charges on one side and the positive 
charges on the other side is greater, and thus more charge 
can be stored. It is, of course, necessary to keep the plates 
far enough apart so that the charge does not cross the gap. 
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Higher values of capacitance can be obtained by using an 
insulating material (dielectric) other than air. This allows 
the plates to be closer together without the charge crossing 
the gap. 

Dielectric Material Affects Capacitor 

AIR 

Dielectrics such as mica, glass, oil, and Mylar are a few of 
the materials that can sustain a high electric stress without 
breaking down. This property is called dielectric constant. 
The higher the dielectric constant is, the better the dielec-
tric. Air has a dielectric constant of 1, glass about 5, and 
mica 2.5 to 6.6. 
Besides allowing the plates to be placed closer together, a 

dielectric has another effect on capacitance. Dielectric mate-
rial contains a large number of electrons and other carriers 
of electrical charge. Although electrons cannot flow as in a 
conductor, they are held rather loosely in the structure and 
can move slightly. The distortion of the structure of the 
dielectric, which is caused by charging the capacitor, has a 
large effect on the forces of attraction and repulsion that 
aid or oppose the flow of the electrons. This factor has a 
substantial effect on capacitance. 
When materials such as mica or glass are used as the 

dielectric, the capacitors have a much higher value than the 
same size units with an air dielectric. 

Q12. If you had two capacitors of low value, how could 
you combine them to get a larger capacitance? 

Q13. How does a mica capacitor differ from an air 
capacitor of the same physical size? 

Q14. What are three factors that affect the capacitance 
of a capacitor? 

Q15. A screw-type variable capacitor is made with an 
adjusting screw that is used to vary the distance 
between the capacitor plates. How would you in-
crease its capacitance? 
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Your Answers Should Be: 

Al2. Combining two capacitors in parallel would pro-
duce the same effect as a single capacitor with 
more plates, and therefore would result in a higher 
capacitance. 

A13. A mica capacitor has a higher capacitance than 
an air capacitor of the same physical size. 

A14. The capacitance of a capacitor depends on these 
three factors: the area of the plates, the spacing 
between the plates, and the nature of the dielec-
tric material. 

A15. Tightening the screw moves the plates closer to-
gether and increases capacitance. Loosening the 
screw decreases the capacitance. 

POWER 

Just like inductance, capacitance consumes no power. Dur-
ing the sine-wave cycle, the capacitor takes energy out of 
the circuit and stores it in the form of an electric field dur-
ing a quarter cycle and returns it to the circuit in the next 
quarter cycle. Energy is borrowed, but it is always returned. 

VOLTAGE ACROSS CAPACITOR 
SO0 / 1800 2700 360° 

POWER(ET) 

CURRENT 
THROUGH 
CAPACITOR 

POWER 
RETURNED 

POWER 

IN A 

CAPACITOR 

If the product of E times I is taken at every instant of 
the cycle, the power waveform will show that energy is 
taken out and returned in alternate quarter cycles. 
To find the amount of energy (in coulombs) stored in a 

capacitor, multiply the capacity in farads by the applied 
voltage. In a circuit containing only pure capacitance, it 
makes no difference how long the voltage is applied—the 
same amount of energy will always be stored at a given 
voltage. 
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CAPACITIVE REACTANCE 

Like inductance, capacitance has a reactance—an opposi-
tion to the flow of AC. But capacitive reactance decreases 

as frequency increases. 
Suppose a capacitor is connected in series with an alter-

nating voltage source. There is no resistance in the circuit. 

A 8ASIC CAPACITIVE CIRCUIT 
1 
CT 

Because the circuit above contains no resistance, the voltage 
across the capacitor will be the same value as the source 

voltage at every instant. 
When a capacitor is charged up to voltage E, it stores an 

amount of energy equal to the capacitance times the voltage. 
If the peak voltage of the AC source is E, the capacitor will 
have stored a particular amount of energy every time the 
voltage sine wave hits its peak, and again stores that 
amount whenever the voltage reaches it negative peak. The 
energy depends only on capacitance and peak voltage. 

Equal Imounts of Energy Must Flow in Each Cycle 

0.1 COULOMB 
STORED 

E MAX I 
1.000 V I 

0.1 COULOMB 
STORED 

0.1 COULOMB RELEASED 

N 0.1 
COULOMB 
RELEASED 

Q16. How much energy will be stored in a 100-mfd 
capacitor in the first quarter cycle of an applied 
AC voltage of 1,000 volts maximum? 
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Your Answer Should Be: 

A16. 1,000 volts X .0001 farad = 0.1 coulomb 

What happens when the frequency of the power source is 
doubled? If the peak voltage (E) is unchanged, the capaci-
tor will charge every half cycle to the same amount as 
before. But it will have to do this twice as fast because the 
energy is doubled. This means that the same amount of 
energy must flow into the capacitor in only half the time. 
And since the voltage is the same, we must have twice the 
current to supply this same amount of energy. 

A Capacitor Stores the Same Amount of Energy Each 
Time It Reaches EllAx 

1 SECOND 1 SECOND 

What does this mean? The frequency was doubled, and 
this doubled the current flowing into the capacitor—yet, the 
input voltage remained the same. A pure capacitance lets 
twice as much current flow if the frequency is doubled. 
Capacitive reactance is the opposition that pure capaci-

tance offers to the flow of current. It is expressed in ohms, 

and its symbol is X.. Capacitive reactance depends on fre-
quency. As the frequency increases, the rate of change of 
applied voltage increases, and the current flowing also in-
creases. As the frequency is reduced, the rate of change of 
voltage goes down, and less current flows. 
At this point you can more easily see why capacitor cur-

rent leads the voltage across the capacitor. It is necessary 
for the capacitor to charge up to the given voltage, and this 
charging is done by the current. Hence, the charging cur-
rent will reach its maximum value at the time the charging 
is going on at the greatest rate; that is, when the rate of 
change of voltage is the most rapid. 
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As the capacitor approaches full charge, the voltage rate 
pf change slows down, and the current decreases. When the 
apacitor is fully charged and its voltage has reached maxi-
num, there is no charging current flowing at all—the cur-
•ent has already dropped to zero at this time. A similar 
)rocess occurs during discharging. At all times, current 
eads the voltage by 90, or one quarter of the cycle. In a 
;teady-state AC situation, when the applied voltage is a 
;ine wave, both voltage and current will be sine waves. 
Capacitive reactance depends on frequency. Since it lets 

nore current flow as frequency increases, capacitive react-
mce must decrease as the frequency increases. 
Capacitive reactance also depends on the size of the capac-

tance. As capacitance increases, more current must flow 
nto the capacitor to charge it to the same voltage ( since 
:he amount of energy stored equals C >< E). As a result, 
apacitive reactance decreases when capacitance increases. 
The formula for capacitive reactance is: 

 ohms 

where, 

f is the frequency in cps, 
C is the capacitance in farads. 

Capacitive reactance can be used in calculating current in 
a purely capacitive circuit by Ohm's law. 

E 
Xe 

Q17. What is X. if f = 6,000 cps and C = 200 mfd? 

0. 2V 200 1 
6,000 cps mfd 

Q18. What is the current in this circuit? 

Q19. What would the current in the above circuit be if 
the input signal were 0.01 volt at 120 kc? 
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Your Answers Should Be: 

A17. X<.— 1 1 
27rfC 2 X 3.14 x 6,000 X 200 x 10-" 

1 
= = 0.133 ohm 

7.53 
E 0.2  — 1 5 amps 
X,. 0.133 
0.01  

1.52 amps A19. I =  
0.0066 

PULSE RESPONSE OF CAPACITANCE 

When a sharp pulse, such as a square wave, is applied to 
a circuit containing capacitance, the capacitance opposes the 
sudden change of voltage. This results in a rounding off of 
the sudden voltage rise. Similarly, when the pulse voltage 
is suddenly decreased, the voltage across the capacitor does 
not decrease suddenly, but it trails off. Current is greatest 
when the change of voltage is greatest, so the current wave-
form will have a peak when the voltage rises suddenly, and 
another peak (but in the opposite direction) when it drops. 

APPLIED 0 
VOLTAGE 

VOLTAGE 
ACROSS 0 

CAPACITOR 

CURRENT 
THROUGH 0 
CAPACITOR 

TIME 

CURRENT IS GREATER WHEN 

VOLTAGE CHANGE IS 

GREATEST 

There is always some resistance in a circuit. By choosing 
the right value of capacitance and resistance, a circuit can 
be designed in which the voltage takes a predetermined 
length of time to reach a certain value. This type of circuit 
can thus provide a time delay. 
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APPLICATION OF CAPACITANCE 

You have already learned how inductance can be used in 
lters. Capacitance can also be used to block DC or to by-
ass AC. You have also learned that capacitance can be used 
pr time delays. Another use for capacitance is to store 
nergy. For example, capacitors are often used to store 
nergy in photoflash units. In these photographic devices, 
battery that produces a relatively small current can be 
sed to gradually charge a capacitor. The capacitor releases 
large store of energy very quickly when it is discharged 
hrough the flashbulb. 

STRAY CAPACITANCE 

Capacitive reactance decreases as frequency increases. 
n communications, pulse, and radar work, where very high 
requencies are used, stray capacitance can present quite a 
iroblem. 
In a vacuum tube, an antenna, or a receiver chassis, there 

re always very small capacitances between adjacent con-
uctors and between conductors and nearby objects which 
.re meant to be isolated from each other. With the lower 
adio frequencies these capacitances are not important, but 
.s the frequency increases, the capacitive reactances of 
hese very small capacitances decrease. A decrease in react-
.nce can actually cause leakage of the signal. 
It is important to know, therefore, that at high frequen-

ies, placement of wires and components is very important 
n order to keep the effects of stray capacitances to a 
ninimum. 

Q20. How do the effects of capacitance on pulses differ 
from the effects of inductance? 

Q21. Compare and contrast capacitive reactance and 
inductive reactance on these points: 

1. Effect of an increase in frequency on reactance. 

2. Effect of reactance on DC. 

3. Effect of phase relations in AC. 

Q22. What constant value appears in the formulas for 
both capacitive and inductive reactance? 

261 



Your Answers Should Be: 

A20. Capacitance rounds off the voltage waveform and 
produces spikes in the current waveform. Induct-
ance rounds off the current waveform and pro-
duces spikes in the voltage waveform. 

A21. 1. X. decreases as frequency increases, while X, 
increases. 

2. X,. blocks DC, while X, passes DC. 

3. Capacitance causes current to lead the applied 
voltage, while inductance causes it to lag. 

A22. 2r appears as a constant in both formulas. 

WHAT YOU HAVE LEARNED 

1. Capacitance offers an opposition to a change in voltage. 

2. A basic capacitor consists of metal plates separated by 
a dielectric. 

3. A capacitor stores electrical energy in the form of an 
electric field as the capacitor charges, and releases this 
energy when it discharges. 

4. Capacitance is a measure of the energy storage capacity 
of a capacitor. This capacity is measured in farads. 

5. A capacitor blocks DC but allows AC to flow. 

6. Pure capacitance in a circuit causes current to lead the 
applied voltage by 90°. 

7. The amount of capacitance is determined by the area 
of the plates, the distance between them, and the dielec-
tric material. 

8. A capacitor stores energy and returns it to the circuit. 

9. The opposition of capacitance to the flow of AC is called 
capacitive reactance. 

10. The formula for capacitive reactance is: 

1 Xe = 
2rf C 

11. Capacitance rounds off the voltage waveform of a pulse. 

12. Stray capacitance can cause signal leakage at high 
frequencies. 
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12 

RC Circuits 

When you have finished 
What You this chapter you will 

know how to find the 

Will Learn equivalent capacitance of 
combinations of capaci-

tors in series and in parallel. You will be able to add 
capacitive reactance and resistance vectorially in order 
to find impedance. You will be able to analyze RC cir-
cuits and to explain how they affect various voltages and 
currents. You will know how to find RC time constants 
and how they are used. 

A BASIC CAPACITIVE CIRCUIT 

First, let's review what you have learned about capacitance 
by applying it to this basic capacitive circuit. 

A BASIC 

CAPACITIVE 

CIRCUIT 

You have already learned that when a sine-wave AC volt-
age is applied, the current in a capacitor always leads the 
voltage by 90. You have also learned that a capacitance 
consumes no power; all the energy it takes out of a circuit 
in one quarter cycle is returned in the next quarter cycle. 
Both of the above statements are true, not only for a 

single capacitance, but also for any combination of capaci-
tors. In fact, any circuit that contains only pure capaci-
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tances, no matter how many, can be simplified to include 

only one representative equivalent capacitance. 

CAPACITORS IN COMBINATION 

As you know, resistors and inductors add in series. Two 

resistors or inductors in series have the same effect as a 

single, larger resistor or inductor. 

10S2 41 100 20 
o—e\A",—o 

RESISTORS AND INDUCTORS ADD IN SERIES 

4h 4h 8h 

Capacitors in Parallel 

Capacitors add in parallel. It is easy to understand why 

this is true if you remember that the more plates a capacitor 

has, the greater is its capacitance. 

The More Plates a Capacitor Has, the Greater Is Its Capacity 

100 mfd f 100 mfd 200 mfd 

If two capacitors are connected in parallel, you can find 

their equivalent capacitance by adding their values. 

Capacitors in Parallel 

200 (mfd 

400 mfd 

 Il  
If a 200-mfd and a 400-mfd capacitor are connected in 

parallel, the equivalent capacitance of the combination is 
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200 mfd plus 400 mfd, or 600 mfd. This is also true with 
three, four, or any other number of capacitances in parallel. 

Capacitors in Series 

If two capacitors are connected in series, what is their 
equivalent capacitance? We cannot simply add CI and C., 
together. Instead, we use the relationship: 

C —  1 - C X C..  „  
CI + 

What is the total capacitance of 200 mfd and 400 mfd 
connected in series? Using the above relationship, the total 
capacitance is calculated to be: 

200 >< 400 — 133 mfd 

200 ± 400 

Notice that this equivalent value is smaller than either of 
the two individual capacitor values. 

Ql. What is the equivalent capacitance of the following 
circuit? 

o  

25 mfd 

o  

o 

mfd T 2 mfd 8 mfd 

o 

Q2. How would you rep ace a 500-mfd capacitor if you 
had available only 200-mfd and 300-mfd capacitors? 

Q3. Would you expect two capacitors in series to have 
greater or less capacitance than the same two 
capacitors in parallel? 

Q4. What is the equivalent capacitance of two equal 
capacitors in series? 
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Your Answers Should Be: 

Al. C,.„ is 25 ± 15 + 2 ± 8 = 50 mfd. 

A2. Connect a 200-mfd and a 300-mfd capacitor in par-
allel to get an equivalent capacitance of 500 mfd. 

A3. Two capacitors in series would have less capaci-
tance than the same two capacitors in parallel. 

IN PARALLEL, THE EFFECTIVE PLATE AREA IS INCREASED 

IC I 

IN SERIES, THE EFFECTIVE PLATE AREA IS REDUCED 

A4. The equivalent capacitance of two equal capacitors 
in series is always one half the capacitance of either 
one of them. 

Complicated circuits can be simplified by analyzing them 
in steps as shown below. 

 woad 

24.5 mfd 

1111111u4111.111164 

On the preceding pages, capacitance values were com-
bined, not capacitive-reactance values. You must not con-
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fuse the two. To combine capacitive reactances, whether in 
series or in parallel, use the same rules that apply to resist-
ance—add series values and combine parallel values by the 
formula: 

- X I X X2 

Xi ± )12 

Always check to make sure that all the capacitive-react-
ance values are computed for the same frequency—other-
wise the result will be wrong. In order to calculate the 
reactance of a capacitive circuit, it is usually better to com-
pute the equivalent capacitance first, and calculate the 
capacitive reactance of the equivalent capacitance. 

Q5. What is the equivalent capacitance of this circuit? 
o  

o 

3 mfd 1 
I 

100 mid T 
Q6. What is the equivalent capacitance of this circuit? 

10 mid i( 
o 

2.5 mfd 

I  
0.5 mfd 

 1( 6 mfd 

4 mfd 

I(  

2 mfd — 

5 mfd i  

20 mid 

I 
20 mfd T 
 I 
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Your Answers Should Be: 

A5. 25 >< 100 2,500 20 mfd 

25 + 100 125 

A6. You should have simplified the circuit to something 
like this: 

10 mfd 

10 
mfd 
_L-

5 mfd 5 mfd 

12 mfd -141 
8 mfd TT 10 mfd 

5 mfd 4.8 mfd 

f---I o 

12 mfd 

2.46 mfd 

8 mfdT 

4.8 
mfd 

E 

RC CIRCUITS 

Actually, an entirely pure capacitance does not exist. The 
leads of capacitors have some small value of resistance. 
Also, the dielectric layer is never quite perfect; it has some 
extremely high value of resistance. So if you wanted to be 
very accurate, you would represent these unwanted resist-
ances by inserting their values in your circuit diagram, and 
treating them just as if they were actual resistors. For most 
practical purposes, however, you can disregard them. 
Now let's see what happens if we put capacitors and re-

sistors in the same circuit. As you already know, we cannot 
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add resistance and capacitance, because they are two differ-
ent quantities (resistance is measured in ohms, capacitance 
in farads). Instead, it is necessary to use capacitive react-
ance, which you learned about in the previous chapter. How-
ever, just as with inductance, to add resistance to capacitive 
reactance it must be remembered that resistive current is 
in phase with the voltage, while capacitive current leads the 
voltage by 90'. So the two cannot be added directly—they 
must be added vectorially. 

CAPACITIVE REACTANCE 

AND RESISTANCE MUST xc 

BE ADDED AS VECTORS 

IMPEDANCE 

The capacitive-reactance vector is 90° ahead of the resist-
ance vector. The resulting quantity, an impedance, is some-
where between the two, and its length (quantity) is the 
diagonal of the rectangle they form. This is capacitive im-
pedance, which is different from inductive impedance be-
cause it leads the resistance vector. The way to write 
capacitive impedance is R — jX; the minus sign tells the 
story. All inductive impedances are represented by a ± j, 
and all capacitive impedances by a —j in front of the X. 

Q7. Inductive impedance ( leads, lags) resistance. 

Q8. Would an impedance of 15 — j20 ohms be inductive 
or capacitive? 

Q9-

çî 
60 kc 

 11  

 1A.A,  

100 OHMS 

0.053 mfd 

Draw a vector diagram on graph paper to find the 
impedance in the circuit above. Measure the phase 
angle with a protractor. 
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Your Answers Should Be: 

A7. Inductive impedance lags resistance. 

A8. An impedance of 15 - j20 ohms would be capaci-
tive. 

A9. The capacitive reactance is 50 ohms. 
Your vector diagram should look like this. 

Z = 100 - j 50 ohms 

or 112/-27° ohms 

If you have a table of trigonometric functions, you can 
get more accurate measurements of impedance, using the 
same formulas you used to find inductive impedance. Re-
member, these formulas apply to both inductive and capaci-
tive impedance. 

R = Z cos 

R X 
tan O 

= cos O 

X=RtanO X = Z sin 

x = tan Z = cos 0 

X = sin 0 z .X 
sm 0 

Table of Trigonometric Functions 

Angle Sin Coa Tan Angle Sin Cos Tan 

5° .087 .996 .087 50° .766 .643 1.192 

10° .174 .985 .176 55° .819 .574 1.428 

15° .259 .966 .268 60° .866 .500 1.732 

20° .342 .940 .364 65° .906 .423 2.144 

25° .423 .906 .466 70° .940 .342 2.747 

30° .500 .866 .577 75° .966 .259 3.732 

35° .574 .819 .700 80° .985 .174 5.671 

40° .643 .766 .839 85° .996 .087 11.430 

45° .707 .707 1.000 90° 1.000 .000 00 
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Use the partial table of trigonometric functions on the 
)pposite page to solve the following problems. 

Q10. Find Z and O for these values of X, and R. 

(a) X, = 3 ohms, R = 4 ohms. 

(b) = 4 ohms, R = 3 ohms. 

(c) X = 10 ohms, R = 10 ohms. 

(d) X, = 87 ohms, R = 50 ohms. 

Q11. Find X, and R for these values of O and Z. 

(a) O = 45°, Z = 10 ohms. 

(b) O = 37°, Z = 0.5 ohms. 

(c) O = 15°, Z = 1,000 ohms. 

Q12. If O is 60°, will R be larger or smaller than X(.? 

Q13. If O is 37°, will R be larger or smaller than X,? 

Q14. Will a circuit with an impedance of 100 ohms 
and a phase angle of 75° dissipate more or less 
power than a circuit with the same impedance and 
a phase angle of 45°? 

I - 12 AMPS 

60 cps 

Suppose you know the input voltage, the fre-
quency, and the current flowing in the above cir-
cuit. Also, suppose you know that the phase angle 
of the circuit is 60°. 

Q15. What is the DC resistance of this circuit? 

Q16. What is the impedance of the circuit? 

Q17. What is the capacitive reactance of the circuit? 

Q18. What is the resistance of the circuit? 

Q19. How much power is dissipated in the circuit? 

Q20. What will happen to the capacitive reactance of 
the circuit if the frequency of the input is de-
creased? 

Q21. What will happen to the phase angle of the circuit 
if the frequency of the input is increased? 
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Your Answers Should Be: 

A10. (a) Z = 5 ohms, 0 = 37° 

(b) Z = 5 ohms, 0 = 53° 

(c) Z = 14.14 ohms, 0 = 45° 

(d) Z = 100 ohms, 0 = 60° 

All. (a) X,— 7.07 ohms, R = 7.07 ohms. 

(b) = 0.3 ohm, R = 0.4 ohm. 

(c) Xe = 259 ohms, R = 966 ohms. 

Al2. If 0 is 60°, R will be less than Xe. 

A13. If 0 is 37°, R will be more than X, 

A14. An impedance of 100 ohms will contain less resist-
ance and dissipate less power at a phase angle of 
75° than at a phase angle of 45°. 

LARGE PHASE ANGLE 
SMALL RESISTANCE 

75 ° 

xc 

A15. The DC resistance will be infinite because the 
capacitor blocks DC. 

A16. The impedance can be found by using the formula 
E Z = —I . Z = 10 ohms. 

A17. X(. = Z sin 0 = 8.66 ohms. 

A18. R = Z cos 0 = 5 ohms. 

A19. P = PR = 720 watts. 

A20. Xe will increase if the frequency decreases. 

A21. The phase angle will decrease if the frequency 
increases, because Xe will decrease. 
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RC TIME CONSTANT 

The ratio between R and C has an important effect on 
le characteristics of a circuit. The way this ratio affects 
C voltages and currents is indicated by a time constant, 
much the same way that the effects of combined induct-

rice and resistance were indicated. 
What happens if you apply a pulse, such as a square wave, 
a series RC circuit? The capacitor will oppose the sudden 

.tiQ1 ARE' l'l LSE THROUGH RC CIRCUIT 

o  "v‘A  

o Tc 
lange of voltage and will gradually charge to source volt-
e E. The rate of charge (the initial current that will flow) 
limited by resistance R. In fact, the initial current will 

?. I = E/R and will gradually decrease to zero as the volt-
e builds up across the capacitor. 

APPLIED VOLTAGE 

CURRENT 

E 

EIR 

APPLIED VOLTAGE 

CURRENT 

VOLTAGE ACROSS 
CAPACITOR 

ER VOLTAGE ACROSS RES I STOR 
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The voltage across the capacitor will start at zero and will 
build up smoothly until it equals source voltage E. The volt-
age across the reaistor will, at any instant, equal the differ-
ence between the source voltage and the voltage across the 
capacitor; it will also be a spike as shown. 
The rate of charging—the steepness of the capacitor volt-

age curve—depends on how much current the resistor will 
allow to flow. The higher the resistance, the less the current 
flow and the slower the charging rate will be. 
This fact is expressed in numbers by the time constant of 

the circuit. The time constant of a series RC circuit is sim-
ply R X C, where R is in ohms, C is in farads, and the time 
constant is in seconds. RC is the time it takes the capacitor 
to charge to 63.2 e/c of the source voltage. 
For example, if R is 10,000 ohms and C is 10 microfarads, 

10  
RC is 10,000 >< — 0.1 second. 

1,000,000 
When a capacitor has been charged, it actually contains a 

certain amount of stored energy. The stored energy is C 
times E coulombs, where C is the capacitance in farads and 
E is the voltage to which the capacitor is charged. 

If a charged capacitor is connected in a circuit, its stored 
energy is released into the circuit. An example of this is 
a battery-capacitor, photographic-flash circuit. 

DI SCHARGING 
CURRENT 

CHARGING DISCHARGING 
FROM BATTERY THROUGH BULB 

Capacitor C is charged up to the battery voltage by throw-
ing the switch to position A. The rate of charge depends on 
the resistance in the battery circuit (wire resistance and 
internal resistance of the battery). When a flash is desired, 
the switch is moved over to position B. The capacitor, which 
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is charged to full battery voltage (E), has no opposing volt-
age in the new circuit, and its discharge is limited only by 
the resistance of the flash bulb. The stored energy flows 
through the flash bulb and, in doing so, fires the bulb. The 
discharging current follows the curve shown in the figure; 
the speed of discharge again depends on the time constant 
of the circuit. 

An RC series circuit can be used as a timing device. It 
is, in fact, often used this way (e.g., in television receivers). 

A TIMING CIRCUIT 

o 

In the above circuit, the length of time it will take for 
the capacitor voltage to rise to some given value can be 
calculated. If some device, which will be triggered only 

when this given value of voltage is reached, is connected 
across the output terminals b, the device, such as a gas 
diode, will be triggered after a predictable time delay from 
the time the input voltage (E) is applied. 

The length of the time delay can be controlled by varying 
either the resistance or the capacitance. However, if the 
amount of energy stored is important, the delay can only 
be varied by changing the capacitance. 

Q22. What is the time constant of the following circuit? 

o 

10, 000S2 
\AA  

Q23. How long will it take the circuit above to charge 
to 63.2 volts if a 100-volt input is continuously 
applied? 

Q24. What will the time constant be if R is 1 megohm 
and C is 50 mfd? 
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Your Answers Should Be: 

A22. RC = 10,000 ohms >< 0.00002 farad = 0.2 second 

A23. It will take 0.2 second for the circuit to charge to 
63.2 volts. 

50  
A24. RC — X 1,000,000 = 50 seconds 

1,000,000 

WHAT YOU HAVE LEARNED 

1. Capacitances add in parallel. They combine in series 
according to the formula: 

C X C> c, _  
C1 C2 

2. Capacitive reactances add in series and combine in par-
allel exactly like resistances and inductances. 

3. A circuit containing a complicated combination of capac-

itors can be converted to a simple equivalent circuit by 
a series of steps. 

4. Capacitive reactance and resistance add vectorially. 

5. The capacitive-reactance vector is in the opposite direc-
tion from the inductive-reactance vector and is repre-
sented in the impedance formula by —j. 

6. Capacitive impedance can be calculated using trigono-
metric functions. 

7. The time constant of a series RC circuit is found by 
multiplying R times C. 

8. RC circuits can be used to store energy and/or to pro-
vide a time delay. 

9. RC is the time in seconds it takes the capacitor to 
charge to 63.2 of the source voltage. 
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13 

RLC Circuits 

You will now learn how 

What You to combine the two reac-
tive effects ( inductive and 

Will Learn capacitive) with and with-
out resistance. A number of 

important special circuits, called tuned circuits, depend 
on the RLC combination. When you have finished this 

chapter, you will know how to calculate their effects in 
circuits having inputs of various frequencies. You will 
also learn a general rule about phase and power in AC 
circuits, as well as how the power factor of a circuit 
affects the amount of power dissipated. You will be able 
to analyze the effects of RLC circuits on pulse inputs in 
terms of frequency response. You will know how to use 
a universal time-constant chart to analyze the reaction 
that RC and RL circuits have to step voltages and square 
waves. 

RLC IMPEDANCE 

When vector diagrams are used to find the impedance and 
phase angle (as in the previous chapters), --1--jX is always 
drawn upward, while —jX is always drawn downward. This 
leads to the idea that inductance and capacitance provide 
opposite reactions. 

What happens if a circuit contains both inductance and 
capacitance in series? The two reactances cannot be just 
arithmetically added to find the total reactance. H-jX and 
—jX tend to offset each other, and the total effect is their 
difference. 
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The Vectors for Inductive and Capacitive Reactance 
Are Opposite 

+jx 

-ix 

R  

RES I STANCE 

Xc CAPACITIVE 
REACTANCE 

* 

This difference is in the direction of the greater of the 
two reactances. So, if a circuit contains a capacitor, the 
reactance of which is —j50 ohms, and an inductor, the react-
ance of which is ±j100 ohms, the net result is equivalent to 
an inductive reactance of +j50 ohms. 

If a resistor is connected in series with an LC circuit, the 
impedance of the circuit will simply be the resultant react-
ance (whether inductive or capacitive) in series with the 
resistor. 
A series circuit containing L and C behaves either as a 

capacitor or as an inductor, whichever of the two compo-
nents has the greater reactance at the operating frequency. 

RESONANCE 

A special case arises when the capacitive reactance and 
the inductive reactance are equal. When this condition 
exists, the reactances cancel each other and the circuit 
appears to be purely resistive. This can happen at only one 
frequency, however, for each particular set of inductive and 
capacitive values. At a low frequency, the inductive react-
ance is low and the capacitive reactance is high. The circuit, 
therefore, behaves as a capacitance. If the frequency of the 
applied voltage is gradually increased, the inductive react-
ance will gradually increase and the capacitive reactance 
will gradually decrease. At some point the two reactances 
become equal, and thus cancel. This point is called the 
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resonant frequency of the circuit. If the frequency is in-
creased further, the inductive reactance becomes greater 
than the capacitive reactance, and the circuit will behave as 
an inductor. 
Every L and C combination has one, and only one, reso-

nant frequency. It is the frequency at which the inductive 
and capacitive reactances are equal. 

EVERY IC COMBINATION HAS ONE RESONANT FREQUENCY 

fo f INCREASING --

Q1. Capacitance and inductance both store energy. 
Capacitance stores energy in a(an)   
field. Inductance stores energy in a(an) 
  field. 

Q2. How do capacitance and inductance affect a DC 
input? 

Q3. What are the formulas for finding capacitive and 
inductive reactances? 

Q4. How does an increase in the frequency of the input 
affect capacitive reactance? Inductive reactance? 

Q5. Capacitive impedance is expressed in component 
form as R — jX. Inductive impedance is expressed 
as 

Q6. What is the total reactance of a circuit that has an 
XL of 100 ohms and an X,. of 25 ohms? Is the total 
reactance capacitive or inductive? 

Q7. The condition existing when capacitive react-
ance is equal to inductive reactance is known as 

Q8. Any circuit containing inductance and capacitance 
has only one  frequency. 

9^9 ... 



Your Answers Should Be: 

Al. Capacitance stores energy in an electric field. In-
ductance stores energy in a magnetic field. 

A2. Capacitance blocks DC. Inductance offers no oppo-
sition to DC. 

A3. Xc —  1 ; XI = 27rfL 
27rfC ' 

A4. An increase in frequency results in a decreased 
capacitive reactance, and an increased inductive 
reactance. 

A5. Inductive impedance is expressed as R + jX. 

A6. 75 ohms of inductive reactance. 

A7. The condition existing when capacitive reactance is 
equal to inductive reactance is known as resonance. 

A8. Any circuit containing inductance and capacitance 
has only one resonant frequency. 

Resonant Frequency Calculation 

The resonant frequency (f„) formula is derived as follows: 

1  
Id"L — ITI„C 

Multiplying by f,,, 

1 
27rf„2L = 

2/rC 
Dividing by 277-L, 

fo2 _ 1 

47r2LC 
Taking the square root of both sides, 

1  

" 2 \/LC 
Now see what actually happens in a series resonant cir-

cuit. Current I, which is in phase with the applied AC volt-
age, flows through all three components—L, C, and R. 
During the first quarter cycle (of each sine wave) the in-
ductance is returning energy to the circuit and the capaci-
tance is taking energy from the circuit at the same rate. 
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During the second quarter cycle, the situation is re-
versed—the capacitor is returning energy, and the inductor 
is taking it out. This sequence occurs during each cycle. 
The voltage across the capacitance is equal and opposite 

to the voltage across the coil at all times, and the two can-
cel. One voltage (E(,) is 90- behind the current and the 
other voltage (EL) is 90° ahead. No power is consumed in 
the L and C elements—only the resistor consumes power. 

efielte Remy/weer 

EL 

ED 

EC 

o 1/4 112 314 1 CYCLE 

Q9. What is the resonant frequency of a circuit contain-
ing 2 henrys in series with 2 mfd? 

Q10. If a 100-ohm resistor is placed in series with the 
two components of Question 9, what happens to 
the resonant frequency of the circuit? 
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Your Answers Should Be: 

A9. fo   1 —  — 79.6 cps 
6.28 >< V2 >< 0.000002 

A10. If a 100-ohm resistor is placed in series with the 
two components of Question 9, the resonant fre-
quency of the circuit will remain the same. 

Q of a Resonant Circuit 

At resonance, the voltage across the capacitor and across 
the inductor is greater than at any other frequency. The 
effective current in the circuit is also higher at the resonant 
frequency than it is below or above resonance. 

Current in a Series Circuit Is Maximum at the 
Resonant Frequency 

The quality of a resonant circuit can be measured by the 
Q factor. Q is the ratio of the energy stored in the capacitor 
and inductor divided by the energy dissipated in the resistor. 
The amount of reactive opposition to current flow at a 

given frequency is not affected by the Q of the circuit. The 
resistive opposition, however, does vary according to the Q. 
This means that the shape of the resonance curve depends 
on this factor. If the frequency is changed from f„ to a 
frequency where the reactance is low, and if the Q is high 
(resistance is only a few ohms), the total impedance will be 
halved. If the Q is low ( resistance is high), the total imped-
ance will be increased by only a small amount, and the cur-
rent decrease will be very small. 
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The Q determines the exact shape of the resonance curve 
of a circuit. For example, if the resonant frequency is mul-

tiplied by —1, and the frequency of the input is changed from 

the resonant frequency by this amount, the current will 
be 0.707 times the resonant current. If the frequency is 

1  changed by —2Q times the resonant frequency, the current 

will be 0.447 times the resonant current. 

THE Q DETERMINES THE SHAPE OF THE RESONANCE CURVE 

e:••; 
e••.§ 

Q11. Both the capacitor and the inductor in a resonant 
circuit store energy. Do both store energy at the 
same time? 

Q12. Do they both store the same maximum amount of 
energy? 

Q13. At what frequency would you measure the Q of 
a circuit? 

Q14. What is the Q of a circuit whose resonant fre-
quency is 1,000 cps, inductance is 0.5 henry, and 
resistance is 10 ohms? 

Q15. If two resonant circuits are identical except that 
one has a greater R (and therefore a lower Q) than 
the other, which one will pass a greater effective 
current at a given voltage? 

Q16. Draw a curve representing current for various fre-
quencies in a low-Q, series resonant circuit. 
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Your Answers Should Be: 

All. No. The inductor stores energy when the capaci-
tor is releasing it, and vice versa. 

Al2. Yes. When maximum energy is stored in the in-
ductor, the capacitor has stored no energy. 

A13. At its resonant frequency. 

27rfL 3,140  
A14. Q = 314 

10 
A15. The one with the higher Q will pass the greater 

current. 

A16. Your curve should look something like this: 

fo 
—f 

APPLICATIONS 

Frequency-selective properties of series resonant circuits 
are useful in applications where it is desired to pass one 
particular frequency with more ease than others. The circuit 
can act as a filter. 

A 8ANDPASS' FILTER 

- 1 OUT 

E 
APLIED 

L E2 OUT 

 o 

If the voltage across either L or C is used for the output, 
the voltage will be much greater for signals having the res-
onant frequency than for signals above or below this fre-
quency. Such a circuit is called a bandpass filter. 
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The width of the bandpass depends on the circuit Q—the 
higher the Q, the sharper the resonance curve, and the 
narrower the bandpass. 

In a radio-frequency circuit a high-Q tuned circuit can 
be used to select the desired station and reject all others. 
In a power supply, a circuit using fairly large L and C 
values may be used to reject undesired frequencies. 

PARALLEL RESONANT CIRCUITS 

A parallel resonant circuit is made up of inductance and 
each of the two branches shows reactance. The capacitive 
losses are usually associated with the çoil rather than with 
the capacitor, the resistance is usually shown as being in 
series with the inductance. 

A PARALLEL RÉSONANT 

CIRCUIT 

Q17. What is the phase relationship between the applied 
voltage and the output voltage across the capacitor 
in the circuit on the opposite page? 

Q18. What is the phase relationship between the applied 
voltage and the output voltage across the inductor? 

Q19. What is the phase relationship between the applied 
voltage and the current through the circuit? 

Q20. Analyze what will happen in the circuit on this 
page. Assume that R is negligible. What -effect 
will C have on the phase of the current through 
the C branch? 

Q21. What effect will L have on the phase of the current 
through the L branch? 

Q22. Draw a sketch of the applied voltage sine wave 

and then of the inductive and capacitive currents 
to show their phase relationships. 
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Your Answers Should Be: 

A17. Output voltage across the capacitor lags the ap-
plied voltage by 90'. 

A18. Output voltage across the inductor leads the ap-
plied voltage by 90'. 

A19. Current is in phase with the applied voltage. 

A20. In the C branch, current will lead the applied 
voltage by 90°. 

A21. In the L branch, current will lag the applied volt-
age by 90' ( if R is negligible). 

A22. Your sketch should look like this: 

Parallel RLC Circuits 

When an AC voltage is applied to a parallel RLC circuit, 
each of the two branches shows reactance. The capacitive 
reactance in the capacitor branch is high at low frequencies, 
and decreases as the frequency increases. Similarly, the 
inductive reactance of the inductor branch is low at low fre-
quencies, and increases as the frequency increases. 
The capacitor has a high reactance and the inductor a low 

reactance at frequencies below resonance. Consequently, 
most of the current flows through the inductive branch and 
lags the applied voltage. Similarly, if the frequency is above 
resonance, most of the current will flow in the capacitive 
branch and will lead the applied voltage. 
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At some particular frequency the two reactances in a par-
allel resonant circuit are exactly equal. Since there is an 
AC voltage applied across each branch, both kinds of cur-
rent are present—an inductive current in the inductive 
branch and a capacitive current in the capacitive branch. 
At resonance the two currents are equal. 

CURRENT 
THROUGH 
CIF:CUIT 
M/ITH 

CONSTANT 
APPLIED 
VOLTAGE) 

PHASE SHIFT 
OF MRENT 

o 

IMPEDANCE 
OF 

CIRCUIT 

CAPACITIVE 

But, because one of the currents leads the applied voltage 
by 90° and the other lags the voltage by 90°, the two cur-
rents are 180° out of phase with each other. This means 
that they cancel (add up to zero). 

The applied voltage was kept constant as the frequency 
was varied. Since current is minimum through the circuit 
at resonance, a parallel circuit has a higher impedance at 
the resonant frequency than at any other. 
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Now, let's look at what happens inside the loop formed by 
the inductance and capacitance. 

Current, Voltage, and Power Relationship in a Parallel 

Resonant Circuit 

The two large currents—inductive and capacitive—still 
flow, but only inside the loop. Energy alternately flows from 
capacitor to inductor and back again, twice each cycle. The 
capacitor alternately charges and discharges, first in one 
direction and then in the other. The inductive magnetic 
field alternately builds up and collapses, changing polarity 
twice each cycle. But all this flow back and forth is con-
tained in the loop, and none appears in the external circuit. 
The outside circuit only has to replenish the energy lost in 
any resistance the inductor has, and this constitutes the 
entire external current. 
The Q of the circuit, just as in the series resonant circuit, 

is the inductive reactance at resonance divided by the resist-

ance of the inductor (-• X ). In a parallel resonant circuit the 

loop current flowing between inductor and capacitor is Q 
times the external ( resistive) current. 
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A parallel resonant circuit is, in a way, the opposite of a 
series resonant circuit. A series circuit has low impedance 
at resonance (maximum current) ; a parallel circuit has high 
impedance (minimum current). The total impedance will 
be greater as Xi, and X, become greater relative to resist-
ance. It will decrease as R increases and draws more cur-
rent. The impedance of a parallel circuit at its resonant 
frequency can be found by this formula: 

Z X X  
o 

If you use the formulas for XL and X, you can also 
develop another formula. 

1 2rf L L 
X, X, = 27rfL x 

2rfC 2rfC 

Substituting in the above impedance formula, 

XLX, L 
R CR 

Another useful formula can be developed if you notice 
that XI. R is the Q of the circuit. This means that the 
impedance at resonance is simply X, (or XL since they are 
equal) times the Q of the circuit. 

Z„ = XLQ = 2rfLQ 

The impedance curve for a parallel resonant circuit is the 
same shape as the current curve for a series resonant cir-
cuit. Its shape depends on the Q of the circuit in the same 
way. 

Parallel tuned circuits are used in receivers, transmitters, 
and similar equipment. For instance, the five-tube radio 
receiver has parallel tuned circuits in its IF amplifiers. Their 
function is to select certain frequencies and reject others. 

Q23. What is the impedance at resonance of a parallel 
resonant circuit consisting of a 1-henry inductor 
with 1 ohm of DC resistance, and a 1-mfd capaci-
tor? 

Q24. If the resonant frequency of a circuit is 1,000 cps, 
L is 1 henry, and the Q of the circuit is 80, what 
is the impedance of the circuit at resonance? 
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Your Answers Should Be: 

A23. Z,„ — —  1  — 1 megohm 
CR 0.000001 X 1 

A24. Z„ = 27rfLQ = 6.28 X 1,000 X 1 X 80 = 502,400 
ohms 

POWER IN RLC CIRCUITS 

To calculate the power dissipated in a circuit containing 
only resistance, either P = PR or P = EI can be used. 
Either will yield the same result. However, P = EI applies 
only to resistive circuits (circuits in which the voltage and 
current are in phase). 

In a parallel circuit that contains resistance and either 
capacitance or inductance, P = EI gives the apparent power. 
This, however, is not the true power—apparent power is 
always larger. The reason is that the overall current in a 
reactive circuit is not in phase with the voltage. The total 
current is actually the vector sum of the resistive current 
(which is in phase with voltage) and the reactive current 
(which leads or lags by 90°). To use P = El, multiply the 
voltage by only that portion of the current that is in phase— 
the resistive current. In order to calculate the true con-
sumed power, the resistive and reactive currents must be 
taken separately. 

The Overall Current Is The -Vector Sum of the Reactive 

Current and the Resistive Current 

The overall current is the vector sum of the reactive cur-
rent and the resistive current. This ovetall current leads or 
lags the applied voltage by an angle O. 
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The true power dissipated in a circuit is found by multi-
plying the apparent power by cos O. 

EI cos 0 
cos 0 

EI 
True power divided by apparent power equals cos 0 and 

is called the power factor of the circuit. There are several 
things to consider about power factor. The more reactance 
there is in a circuit (compared to the resistance present), 
the more out of phase the current will be with the voltage, 
and the smaller the power factor will be. 

It is possible to represent the total current flowing as two 
separate component currents at right angles to each other. 
The resistive current produces power (does the work). The 
reactive current merely flows in and out of the capacitance 
or inductance as it charges and discharges, but it does no 
work. 
Even though the reactive current produces no power in 

the circuit, the wires must be large enough to carry it. 
Power lines are designed to carry the total current, not just 
the resistive component. 
A low power factor sometimes leads to problems. For 

example, when a plant that uses induction motors draws a 
large reactive current (has a low power factor), equipment 
must be provided to supply it with more current than it 
actually consumes. The large inductive component can be 
canceled in such cases by placing large capacitors in series 
with the load. The capacitors draw reactive current 180° 
out of phase with the inductive current, and thus the capaci-
tors cancel the inductive component. This is called "power 
factor improvement" and can save considerable money in 
large power installations. Another method sometimes em-
ployed by power companies to improve a low power factor 
is to persuade the consumer to use synchronous instead of 
induction-type motors. This results in an overall saving to 
the power company because less power need be generated 
and supplied to the consumer. 

Q25. Is a high or a low power factor desirable in elec-
trical circuits used to transmit power? 

Q26. How can inductive reactance be canceled to in-
crease the power factor in an inductive circuit? 
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Your Answers Should Be: 

A25. A high power factor. 

A26. Inductive reactance can be canceled by capacitive 
reactance. 

PULSES IN RLC CIRCUITS 

Pulses are a special type of AC, even though they often 
have a DC component as well, and are very important in 
modern electronics. Radar systems are based on pulses of 
RF energy reflected from targets. Digital computers, coun-
ters, and other data-processing circuits employ pulses. 
Pulses are also used in telemetry and remote control to 
switch circuits on and off. Trains of pulses are used to 
transmit information between satellites, spaceships, and the 
earth. 

All these applications create a need for circuits that can 
generate, amplify, send, receive, count, recognize, and/or 
process pulses. Because pulses are composed of a combina-
tion of many sine-wave frequencies, pulse-handling circuits 
have very severe requirements placed on them. 

Frequency Response 

All pulse waveforms are made up of a combination of sine 
waves. 

A SQUARE WAVE IS COMPOSED OF SINE WAVES 

FUNDAMENTAL 

5TH HARMONIC 

The lowest frequency contained in a train of rectangular 
pulses is called the fundamental frequency. This frequency 
has a period equal to that of the square wave. All the other 
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frequencies contained in the square wave are harmonics, or 
multiples, of the fundamental frequency. In the case of a 
square or rectangular wave, only the odd harmonics are 
included. The next higher frequency is three times the 
fundamental (the third harmonic), then five times the fun-
damental (the fifth harmonic), etc. A perfectly square 
waveform contains an infinite number of odd harmonics, 
from the fundamental up. 
To pass or amplify a square wave without distortion, a 

circuit must be able to pass all the frequencies contained in 
the wave. In practice, an infinitely high frequency response 
is not possible, nor is it necessary. This less-than-perfect 
response is because all circuits have some frequency-sensi-
tive characteristics due to such factors as stray capacitance, 
the inability of vacuum tubes or transistors to amplify sig-
nals above certain limits, etc. All of these frequency-sen-
sitive characteristics result in the corners of the square 
wave being rounded off. 

THE CIRCUIT RESPONDS THE SAME WAY TO All 

FREQUENCIES AROVE THE FUNDAMENTAL 

WAVEFORM IN WAVEFORM OUT 

Q27. In a pulse circuit, inductance opposes a change in 

Q28. In a pulse circuit, capacitance opposes a change in 

Q29. What sine-wave frequency contributes most of the 
amplitude of the flat-top, or straight-line, portion 
of a square wave? 

Q30. What sine-wave frequencies are responsible for 
the steep leading and trailing edges of a square 
wave? 
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Your Answers Should Be: 

A27. In a pulse circuit, inductance opposes a change in 
current. 

A28. In a pulse circuit, capacitance opposes a change in 
voltage. 

A29. The fundamental frequency. 
A30. The higher harmonic frequencies. 

Pulse Circuit Applications 

If a circuit has poor low-frequency response, there will 
be a visible sag in the level portion of the output waveform. 

WAVEFORM IN WAVEFORM OUT 
POOR 

LOW-FREQUENCY 

RESPONSE 

If the circuit has good low-frequency response but poor 
high-frequency response, the corners of the output wave-
form will be rounded off. 

WAVEFORM IN WAVEFORM OUT 

POOR 
HIGH-FREQUENCY 

RESPONSE 

It depends on the application of the pulse whether a par-
ticular circuit is good enough or not. In a telegraph system, 
it may only be necessary to detect the presence or absence 
of pulses with no concern as to their exact shape. So, the 
high-frequency response of the circuit would not be critical. 

If precise location of the start of a pulse is necessary 
(as in a precision radar, or a timing circuit), then the high-
frequency response of the circuit is extremely critical. 
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TIME CONSTANTS 

L/R and RC time constants indicate how quickly current 
or voltage builds up when a sudden increase in DC voltage 
(such as a square wave) is applied to a particular combina-
tion of L and R or C and R. One time constant is the time 
required for voltage (or current, depending on the circuit) 
to reach 63 r;; of its peak value. The percentage of the peak 
value can be calculated for any elapsed time if the time 
constant of the circuit is known. The curves for the voltage 
increase across a capacitor, or the current increase through 
an inductor, are exactly the same if the time constants of 
the two circuits are the same. 

103V 

63V 

1 AMP 

CAPACITOR 
VOLTAGE 
WHEN 
RC EQUALS 
0.1 SECOND 

O. 1 SEC 

0.63 AMP 

INDUCTOR 
CURRENT 
WHEN 
L/R EQUALS 
0.1 SECOND  

0.1 SEC 

Q31. If a square wave is applied to the circuit below, 
the capacitor will tend to bypass what frequencies? 
What frequencies will be emphasized in the volt-
age across the capacitor? How will this affect the 
shape of the output waveform? 

E IN 

Q32. Sketch how you think a sawtooth wave should be 
affected by a circuit with a poor low-frequency 
response. With a poor high-frequency response. 
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Your Answers Should Be: 

A31. The capacitor will tend to bypass the high fre-
quencies and emphasize the low frequencies in the 
output voltage. This will tend to round off the 
steep edges of the waveform. 

A32. The response to a sawtooth is very similar to that 
of the square wave. 

WAVEFORM IN WAVEFORM OUT 

UNIFORM RESPONSE 

POOR LOW-FREQUENCY RESPONSE 

POOR HIGH-FREQUENCY RESPONSE 

Poor low-frequency response produces a sag in 
the sloped portions of the wave, while poor high-
frequency response rounds off the sharp corners 
of the wave. 
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A universal time-constant chart can be used to calculate 
the growth and decay of voltage and currents in any RL or 
RC circuit to which a sudden step voltage is applied. All 
you have to know is the final voltage and current, and the 
time constant of the circuit. 

Calculate the voltage across the capacitor and the current 
in the following circuit: 

R = 1, 000 OHMS 

10V 

E APPLIED 

o  

T c - 0.5 MFD 

The time constant is: 

RC = 1,000 >< 0.5 >< 10-6 = 0.5 >< 10-3 = 0.5 millisecond 

When the 10 volts is first applied, the current will be E/R 

10  — 0.01 ampere. Using the time constant and the 
1 000 

falling curve in the chart, it can be seen that at the end 
of one time constant (0.5 millisec), the current is about 
37'; of its full value (0.37 >< 0.01 = 0.0037 ampere). At 
the end of two time constants (1 millisecond), current will 
be 13 % (0.13 >< 0.01 = 1.3 milliamperes). At the end of 
three time constants, current will be 5% (0.05 >< 0.01 
0.5 milliampere), and so on. 
The voltage across the capacitor can be determined in a 

similar manner. When the switch is first closed, E, is zero. 
This voltage gradually increases to the value of the power 
supply, or 10 volts. At the end of one time constant (0.5 
millisec) E,. will be 63% of maximum (6.3 volts). At the 
end of two time constants (1 millisec) Er will be 87% of 
maximum (8.7 volts), etc. 
The same chart can be used when the voltage is suddenly 

removed (the switch is opened). In this case, E, decays 
according to the falling curve. 

Q33. Use the universal time-constant chart to describe 
in detail what happens when a step voltage of 10 
volts is applied across a 100-ohm resistance in 
series with a 5-millihenry inductance. 
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Your Answers Should Be: 
J. R - 100Q 

with, 

even-

and 
falling 

rises to 

10V 

L - 5 mh 
EAPPL I  ED 

Time constant = L 

(1) Current through 

and increases to 

tually. Use the 

(2) Voltage across 
drops to zero 
curve. 

(3) Voltage across 
10 volts eventually. 

.05 00 - 50 = microseconds. 
100 

R and L is zero to start 
E 10 

= 0.1 ampere -R = 
100 

rising curve. 

L is 10 volts initially, 
eventually. Use the 

R is zero at first, and 
Use the rising curve. 

Time No. of time 
in sec constants 

I EL 
amps volts 

ER 
volts 

0 0 0 10.0 0 

0.25 0.5 0.038 6.2 3.8 

0.35 0.7 0.050 5.0 5.0 

0.50 1.0 0.063 3.7 6.3 

1.00 2.0 0.087 1.3 8.7 

1.50 3.0 0.095 0.5 9.5 

2.00 4.0 0.098 0.2 9.8 

2.50 5.0 0.099 0.1 9.9 

3.00 6.0 0.0995 0.05 9.99 

0.100 0 10.00 

Remember that a universal time-constant chart 
can only be used with step voltages or square 
waves. 
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WHAT YOU HAVE LEARNED 

1. Equal amounts of capacitive and inductive reactance 
cancel each other when they are combined in series. If 
inductive reactance is greater than capacitive react-
ance, the total circuit will behave as though it had only 
an inductive reactance equal to the difference between 
the two reactances. If capacitive reactance is greater, 
the circuit will be capacitive. 

2. For any series RLC circuit there is one frequency at 
which the two reactances are exactly equal. This is 
called the resonant frequency. This frequency can be 
found by setting the formulas for inductive and capaci-
tive reactance equal to each other: 

1  
fo — 

2/LC 

3. Maximum current will flow in a series RLC circuit at 
the resonant frequency, and this current will decrease 
at higher or lower frequencies. 

4. A parallel RLC circuit has maximum impedance at its 
resonant frequency, and much lower impedance at 
higher or lower frequencies. 

5. The Q of a resonant circuit is the amount of reactance 
X, Xc 

of either kind, divided by the resistance. Q = = —R • R 

The Q of a resonant circuit determines how quickly 
current or impedance decreases as the frequency is 
changed from the resonant frequency. High Q means a 
very sharp drop, low Q means a slower decrease. 

6. Formulas —L = Zo, XLQ = Zo, and 27rfLQ = Z„ give the 
CR 

impedance of a parallel resonant circuit at its resonant 
frequency. 

7. P = EI cos 0 is a power formula that can be used to 
find true power in any kind of RLC circuit. Cos O is the 
cosine of the phase angle between the reactive and 
resistive vectors, and is called the power factor. I cos 0 
represents the resistive portion of the overall current. 

299 



8. The straight-line (flat-top) portions of pulses are deter-
mined by the low-frequency, sine-wave components and 
the steep edges are determined by the high-frequency 
components. 

9. RLC circuits that tend to filter out low frequencies 
cause the straight-line portions of pulse waveforms to 
sag, while those that filter out high frequencies cause 
the steep edges to be rounded off. 

10. A universal time-constant chart can be used to analyze 
the response of either an RL or an RC circuit to a step 
voltage. 
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14 

Transformer Action 

Your understanding of 
What You AC electricity will now be 

used to show how two 
Will Learn common electrical devices 

work. You will learn how a 
transformer transfers power from one winding to an-
other. You will learn how to calculate the change in 
voltage, current, and impedance produced by a trans-
former with a known turns ratio, and how to select the 
proper turns ratio to produce a particular change. You 
will also learn how a magnetic amplifier controls a large 
AC current with a smaller DC current. 

WHAT IS A TRANSFORMER? 

A transformer is a device for changing the voltage of AC 
electricity. Transformers work on the principle of induc-
tion. Basically, a transformer has two windings—a primary 
and a secondary—wound on the same core. This core can 
be laminated iron, ferrite, or air. 
Through the principle of induction the alternating current 

flowing through the primary winding sets up an alternating 
magnetic field in the core. This magnetic field, in turn, 
induces an alternating voltage in the secondary winding (or 
windings). In this way, energy is transferred from the pri-
mary to the secondary. 
A transformer that reduces the voltage in a circuit is 

called a step-down transformer. This is true, for example, 
of a radio-receiver filament transformer, which steps the 
120-volt main supply down to 6.3 volts. 
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A transformer that is used to increase the voltage in the 
circuit is known as a step-up transformer. An example is 
the high-voltage transformer which produces the several 
thousand volts needed to operate a television picture tube. 

A BASIC TRANSFORMER 

1 2 

4wi+ 

SOURCE NI 1E2 LOAD 

The basic transformer has two windings—primary and 
secondary—wound on a laminated-iron core. The two wind-
ings are insulated from each other and from the core. 
The primary winding is connected to the energy source, 

and the secondary winding is connected to the load. As 
alternating current flows through the primary, a pulsating 
magnetic field is set up in the core. As the constantly chang-
ing magnetic field cuts the turns of the secondary, a voltage 
is induced in the secondary winding. 
The amount of voltage induced in the secondary winding 

depends on how many turns of wire the secondary contains 
compared to the number of turns of wire in the primary 
winding. So, if the secondary has only half as many turns 
as the primary winding, the voltage will be stepped down 
to half its original value. If the secondary has twice as 
many turns as the primary, the voltage will be stepped up 
to twice its original value. 
The difference in the number of turns is known as the 

turns ratio of the transformer. If the primary winding has 
N, turns and its voltage is El, the secondary winding with 
No turns produces voltage E2. 

E, N1 

E2 N2 
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The power consumed in the secondary circuit of a trans-
former must be supplied by the primary. Since the volt-
ages are constant in each circuit, the current in the primary 
circuit must vary to supply the amount of power demanded 
by the secondary. Current in the primary depends on the 
current drawn in the secondary circuit. 

A TRANSFORMER WITH 
NO LOAD ACTS LIKE 

AN INDUCTOR ll 
Ql. If a transformer primary has 1,000 turns and the 

secondary has 6,500 turns, what is the turns ratio? 

Q2. If 85 volts is applied to the primary winding of the 
transformer in Question 1, what is the voltage at 
the secondary? 

Q3. What would happen if the leads were reversed and 
85 volts was applied to the 6,500-turn coil? 

Q4. What happens if 130 volts is fed into the 6,500-turn 
winding of the transformer? 

Q5. Can a transformer be used with DC? Why? 

Q6. What will be the phase relationship between the 
voltage across the primary of a transformer and the 
voltage across the secondary, assuming the coils are 
wound in the same direction? 

Q7. If there is no load between the terminals of the sec-
ondary of a transformer, will current flow in the 
secondary? 

Q8. Will there be a magnetic field produced by current 
in the secondary? 

Q9. Will there be a magnetic field produced by current 
in the primary? 

Q10. - What effect will this magnetic field have on the 
impedance of the primary circuit? 

Q11. If the magnetic field were weaker, would more or 
less current flow in the primary circuit? 
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Your Answers Should Be: 

Al. 

N, 1,000  
1 to 6.5 

N2 6,500 
A2. 

E, 1 
E2 6.5 

E2 = El x 6.5 = 85 x 6.5 = 552.5 volts 

A3. If you reverse the leads, the turns ratio is: 

N1 6,500 ____ - E., 
N2 1,000 El 

The output would be: 

1 000 X 85 
E2 — 85 x 0.153 

6,500 
= 13 volts (approx.) 

A4. The voltage appearing at the 1,000-turn winding 

will be l' x 130 = 20 volts. 
6,500 

A5. A transformer cannot be used with direct current. 
A direct current in the primary does not produce 
a pulsating magnetic field. 

A6. The voltage across the secondary will be 180° out 
of phase with the voltage across the primary. 

A7. No current will flow. 

A8. If no current flows, no magnetic field will be pro-
duced by the secondary. 

A9. Yes. 

A10. The stronger the magnetic field, the greater will 
be the impedance of the primary circuit. 

All. More current would flow in the primary. 

TRANSFORMER POWER 

If the transformer were 100 7( efficient, all the power 
from the primary winding would be transferred to the sec-
ondary and delivered to the load. 
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Suppose a transformer has 1,000 turns in the primary and 
6,500 turns in the secondary. If 100 volts is applied to the 
primary, 650 volts will appear at the secondary. Now, sup-
pose the load connected to the secondary is a 65-ohm resistor. 

650 It will draw a current of or 10 amperes, and the power 
65 

consumed will be 650 >< 10, or 6,500 watts. This power must 
be supplied by the primary winding. Assuming no loss in 
the transformer, the primary winding must supply 6,500 

watts. The primary current, therefore, will be 6'500 watts 
100 volts 

= 65 amperes. 

A TRANSFORMER 

WITH A LOAD 

In the example above, the current was stepped down in 
exactly the same proportion as the voltage was stepped up. 
The power transferred from the primary to the secondary 
does not change, however, regardless of the turns ratio. 
This is true providing the rating of the transformer has not 
been exceeded and assuming 100' ; efficiency. 

Q12. What happens to current in the secondary of a 
transformer when a load is connected across its 
terminals? 

Q13. Will a magnetic field be produced by the current 
in the secondary? 

Q14. Will the magnetic field add to or oppose the mag-
netic field produced by the primary? (Remember 
the coils are wound in the same direction but the 
currents are in opposite directions.) 

Q15. How will the magnetic field produced by current 
flow in the secondary affect the current drawn by 
the primary? 

Q16. What will happen if the load resistance in the cir-
cuit above is increased to 6,500 ohms? 
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Your Answers Should Be: 

Al2. There will be a current in the secondary when a 
load is connected across its terminals. 

A13. A magnetic field will be produced by a current in 
the secondary. 

A14. The secondary magnetic field will oppose that of 
the primary. 

A15. The secondary magnetic field will decrease the 
total magnetic field acting on the primary and, 
therefore, will decrease the impedance of the pri-
mary circuit. The primary will draw more current. 

A16. Current in the secondary will be  650 volts  
6,500 ohms 

0.1 ampere. Power dissipated in the secondary will 
be 0.1 ampere X 650 volts = 65 watts. Therefore, 
power drawn in the primary must be 65 watts. 

The current in the primary will then be 65 watts  
100 volts 

= 0.65 ampere. 

TRANSFORMER EFFICIENCY 

So far we have assumed that no power is lost in the trans-
fer from the primary winding to the secondary winding. 
However, no transformer has absolutely 100 efficiency. 
Some power is lost in heating the core, and some is lost in 
the resistance of the windings. But, transformers are very 
efficient; their efficiency often reaches very nearly 100%. 
Therefore, for rough calculations, it is permissible to assume 
100 V( efficiency. 
As with any other device, the efficiency of a transformer 

is equal to: 

output power  
input power 

Most transformers have an efficiency in the range of 97 to 
99%. So even if you neglect the losses, your calculations 
using 100 % as the transformer efficiency will still be accu-
rate within 1 to 3 % . 
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TRANSFORMER LOSSES 

The power loss in transformers is due to three factors. 
The first is simply resistance in the windings; no winding is 
a perfect conductor. The second factor that causes power 
loss in transformers is eddy currents. The iron in the core 
of a transformer is a conductor. When the changing mag-
netic field produced by the primary coil cuts through the 
iron of the core, small currents are generated in the core 
material. These currents dissipate power as they pass 
through the resistance of the iron. These currents are called 
eddy currents. This type of loss is held to a minimum by 
using thin sheets of iron, called laminations, in the core. 
These thin sheets are insulated from each other (often by 
oxidizing the surface of the sheets) and thus shorten the 
conducting path for the eddy currents. 
The third factor that causes power loss in transformers 

is hysteresis. It takes a certain small amount of power to 
magnetize a piece of iron. This power must be expended 
again when the magnetic field is reversed. Since the mag-
netic field in a transformer is reversed many times each 
second, these tiny expenditures of power add up to a notice-
able loss. Hysteresis loss can be reduced by constructing the 
core with a type of iron that is very easily magnetized and 

demagnetized. 

Q17. If a transformer supplies 1.9 amperes at 100 volts 
to a resistive load in the secondary circuit, and if 
it dissipates 200 watts of power in the primary cir-
cuit, what is the efficiency of the transformer? 

Q18. This transformer has a relatively (high, low) 

efficiency. 

Q19. If the secondary of a transformer supplies 0.99 
watt at 1,000 volts and the transformer has an 
efficiency of 99%, what power will the primary 

draw at 120 volts? 

Q20. How could you find the amount of power lost due 
to resistance in a transformer? 

Q21. Does an air-core transformer have hysteresis or 

eddy currents? 
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Your Answers Should Be: 

A17. The power dissipated in the secondary will be 1.9 
X 100 = 190 watts. The efficiency of the trans-
former will be 190/200 = 95%. 

A18. It has a relatively low efficiency. (An efficiency 
below approximately 97 `,i( is considered to be low.) 

A19. The voltages have no effect on the problem. The 
efficiency of the transformer is equal to output 
power divided by input power. 

0'99 = 99 % 

The input power must be 1 watt. 

A20. You would have to measure the resistance of both 
windings and then calculate the power dissipated 
due to the current in the windings. 

A21. An air-core transformer has neither eddy-current 
nor hysteresis losses. 

TYPES OF TRANSFORMERS 

There are many varieties of transformers, ranging from 
huge power-station units to tiny subminiature radio-fre-
quency types. 

POWER-SUPPLY TRANSFORMER 
METAL 

SHIELDING 

COLOR-
CODED 

LEADS 

PRIMARY 

SECONDARY 

RADIO-FREQUENCY TRANSFORMER 

Most transformers are designed to transfer power. Others, 
however, are built to transfer only signal voltages. 
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Power-distribution transformers are rated in KVA (kilo-
volt-amperes) rather than in kilowatts or other power units. 
The KVA rating refers to the apparent power carried by the 
transformer—the real power is smaller by the load power 

factor. 
Special transformers, wound to precision specifications, 

are used in metering applications to measure the current 
and voltage passing through large power-transmission lines. 
A step-up transformer increases voltage (which increases 

impedance) and decreases current (resulting from an in-
creased impedance) at the same time. A step-down trans-
former decreases voltage (which decreases impedance) and 
increases current (which results from a decreased imped-
ance) at the same time. Therefore, a transformer changes 
impedance, but the impedance change is more pronounced 
than the voltage change. In fact, a transformer changes 
impedance by the square of the turns ratio: 

Z, N12 
Z., — N22 

AN IMPEDANCE MATCHING TRANSFORMER 

Q22. If the primary of a transformer has 10,000 turns 
and the secondary has 1,000 turns, what is the 
turns ratio? 

Q23. If 100 volts is applied to the primary, what voltage 
will appear at the secondary? 

Q24. If the load impedance of the secondary circuit is 
1 ohm, how much current will flow in the primary? 

Q25. What is the impedance of the primary? 
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Your Answers Should Be: 

10,000 _ A22.  10-to-1 turns ratio 
1,000 

N 10  A23. = — — 100 ' —, • Eo = 10 volts 
N2 1 rà2 .» 

A24. Current in the secondary is 10 = 10 amperes. 
1 

N1 12. 10 10 

N2 = i ' 1 II 

II ---=-• 1 ampere 

A25. The impedance of the primary circuit is: 

EI 100 
= = 100 ohms 

I, 1 

MAGNETIC AMPLIFIERS 

Magnetic amplifiers are special transformer-like devices 
that use a small amount of power to control larger amounts 
of power, thus acting as amplifiers. They are simple, rugged, 
and efficient as compared to other forms of amplification. 
The following are some of the symbols used to denote 
magnetic amplifiers. 

Magnetic amplifiers take advantage of a special property 
of iron or steel in a strong magnetic field. To explain how 
a simple magnetic amplifier works, let's first review the 
basic principles of a coil. 
When a current flows in a coil, a magnetic field (flux) is set 

up inside and around the coil. If the current is AC, the field 

310 



also alternates. But, in any case, the strength of the mag-
netic field (the number of lines of flux produced) depends 
on the material inside the coil as well as how much current 
is flowing through the coil. 
A very simple type of magnetic amplifier is based on the 

fact that an iron core normally allows greater changes in 
the magnetic field and, therefore, increases the inductive 
reactance of a coil at a given frequency. 

A MAGNETIC AMPLIFIER USED TO CONTROL 

STAGE LIGHTS 

IRON CORE 

STAGE LIGHTS 

Q26. A coil with an air core has a ( greater, smaller) 
inductance than a similar coil with an iron core. 

Q27. Inductive reactance is the result of a (constant, 
changing) magnetic field. 

Q28. How would you increase the inductive reactance of 
the device illustrated above? 

Q29. What effect would increasing XL have on the 
brightness of the lights? 

Q30. How should the core be set to obtain maximum 
brightness of the lights? 

Q31. Would this device work with a DC power supply? 
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CURRENT 

Your Answers Should Be: 

A26. A coil with an air core has a smaller inductance 
than an iron-core coil. 

A27. Inductive reactance is the result of a changing 
magnetic field. 

A28. Push the iron core into the coil. 

A29. Increasing XL would dim the lights. 

A30. The iron core should be totally removed. 

A31. The device would not work with DC. 

Magnetic-Amplifier Applications 

A more typical magnetic amplifier controls the magnetic 
properties of the core and the XL of the coil by electrical 
means. To more easily understand how this can be done, 
look at the curve of current versus magnetic flux in iron. 

AN IRON CORE BECOMES 

SATURATED AS CURRENT 

IS INCREASED 

As the current :n the coil and the flux in an iron core 
increase, a point is reached where the curve bends. A fur-
ther increase in the current produces less and less of a 
flux increase until, finally, a further increase in current pro-
duces no additional flux. At this point the core contains as 
many lines of flux as it can possibly receive; it is said to 
be saturated. 
To make a magnetic amplifier, wind two different coils on 

a core in the same manner as a transformer is constructed. 
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With no current in the control winding, the current flowing 
through the load winding is limited by a strong reactive 
impedance. The light will shine very dimly, if at all. But 
if enough DC current is passed through the control winding 
to saturate the core, then as the saturation point is ap-
proached, the impedance of the load winding decreases, and 
the light will become brighter. 
Since the control winding uses less power than the load 

winding, we have an amplifier—a device in which a small 
amount of power controls a large amount of power. 
As AC current flows through the load winding, an AC 

voltage is induced back into the control winding. This is a 
loss of power. The control winding is made immune to the 
induced voltage by using a three-legged core. 

AC Current Flow Through the Load Is Controlled by DC 
Current in a Control Winding 

r-4111›7 I/ 

RHEOSTAT 14 

 41- 

AC LOAD LOAD 

The two parts of the load winding are connected in series 
in such a way that the AC flux lines they induce in the cen-
ter leg are equal and opposite, and thus cancel each other. 
This means there is no AC induced in the control winding, 
yet the control winding still exerts its influence over the 
load circuit. 

Q32. A coil with an unsaturated iron core has a rela-
tively ( large, small) XL. 

Q33. If magnetic flux is added from an outside source 
(such as a separate coil on the same core) until the 
core is saturated, will the coil have a higher or 
lower XL? 

Q34. What type of current is affected by the coil XL? 
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Your Answers Should Be: 

A32. A coil with an unsaturated iron core has a rela-
tively large XL. 

A33. If the core is saturated, XL will be lower. 

A34. Only AC is affected by inductive reactance. 

WHAT YOU HAVE LEARNED 

1. The changing magnetic field produced by the primary 
winding in a transformer induces a changing voltage in 
the secondary winding. 

2. The ratio of the primary voltage to the secondary volt-
age is the same as the ratio of the number of turns in 
the primary winding to the number of turns in the sec-
ondary winding. 

3. If a transformer steps up voltage, it steps down cur-
rent, and vice versa. The power drawn by the primary 
winding is equal to the power dissipated in the second-
ary circuit. 

4. Most transformers have an efficiency of nearly 100 ‘,; , 
so very little power is lost in them. 

5. Transformers alter the impedance of a load. The change 
in impedance depends on the square of the turns ratio. 

6. Magnetic amplifiers control the inductive reactance of 
a coil by altering the magnetic property of its core. 

7. A very simple magnetic amplifier is basically a coil with 
a removable iron core. When the core is inserted, XL 
increases, and the power supplied to the load decreases. 

8. Iron cores can receive only a certain amount of mag-
netic flux, and when they are saturated, they no longer 
increase the XL of a coil. 

9. A typical magnetic amplifier uses a DC current through 
a control winding to control the level of saturation of 
an iron core and thus the XL of an AC load winding. 
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Entroduction 

This third volume in the series introduces you to vacuum 
tubes, transistors, and the ways in which these devices are 
put to work. Although all of the topics discussed provide 
background information for further study, many of them 
also have direct practical applications in circuit design and 
analysis. After studying this volume, you will have ex-
panded your knowledge of electrical fundamentals to include 
the basic devices and circuits that make radio, television, 
radar, computers, and countless other areas of electronics 
technology possible. With this knowledge you will be better 
able to understand how electronic equipment works. 

WHAT YOU WILL LEARN 

Virtually every piece of electronic equipment depends on 
vacuum tubes and/or semiconductor devices for its opera-
tion. In this volume you will learn about both of these 
groups of components. 
Vacuum tubes depend on the behavior of electrons in an 

electric field for their operation. This subject is discussed 
along with the ways in which electrons are emitted into the 
electric field. You will learn about the Edison effect and 
how the diode (two-element) tube operates. You will see 
how the addition of more elements to the tube makes it use-
ful in a variety of applications. Tube parameters (numbers 
that indicate the usefulness of a tube) are explained in de-
tail. The text shows how the operation of vacuum tubes 



can be described and studied by means of graphs. The 
meaning of the term amplification is explained, and the 
most common types of vacuum-tube amplifiers are shown. 
You will learn about the classification of amplifiers accord-
ing to the way the vacuum tubes in the amplifiers are oper-
ated. Several methods of coupling (connecting) more than 
one amplifier stage are discussed. 
The coverage of semiconductor devices begins with an 

explanation of what a semiconductor is. You will learn 
about the PN junction and how the semiconductor diode 
and the transistor depend on the operation of this junction. 
As with tubes, the operation of transistors can be described 
in terms of parameters and graphs. You will learn about 
these aids and how to work with them. You will be shown 
how transistors amplify and how they are connected in 
amplifier circuits. Methods of coupling transistor amplifier 
stages are explained. 
You will learn how power supplies work. Such terms as 

rectifier, filter, pulsating DC, regulated power supply, and 
others are explained. 

Finally you will learn how pulses are generated and ampli-
fied. Some of the applications of pulse circuits are discussed. 

WHAT YOU SHOULD KNOW BEFORE YOU START 

Before beginning your study of tube and transistor cir-
cuits, you should have a good understanding of the basic 
principles of AC and DC circuit operation. (Such knowledge 
can be obtained from Volume 2 of this series.) All new 
terms are carefully defined. Enough math is used to give 
precise interpretation to important principles, but if you 
know how to add, subtract, multiply, and divide, the math-
ematical expressions will give you no trouble. 

WHY THE TEXT FORMAT WAS CHOSEN 

During the past few years, new concepts of learning have 
been developed under the common heading of programmed 
instruction. Although there are arguments for and against 
each of the several formats or styles of programmed text-
books, the value of programmed instruction itself has been 
proved to be sound. Most educators now seem to agree that 
the style of programming should be developed to fit the 



needs of teaching the particular subject. To help you pro-
gress successfully through this volume, a brief explanation 
of the programmed format follows. 
Each chapter is divided into small bits of information 

presented in a sequence that has proved best for learning 
purposes. Some of the information bits are very short—a 
single sentence in some cases. Others may include several 
paragraphs. The length of each presentation is determined 
by the nature of the concept being explained and the knowl-
edge the reader has gained up to that point. 
The text is designed around two-page segments. Facing 

pages include information on one or more concepts, complete 
with illustrations designed to clarify the word descriptions 
used. Self-testing questions are included in most of these 
two-page segments. Many of these questions are in the form 
of statements requiring that you fill in one or more missing 
words; other questions are either multiple-choice or simple 
essay types. Answers are given on the succeeding page, so 
you will have the opportunity to check the accuracy of your 
response and verify what you have or have not learned be-
fore proceeding. When you find that your answer to a ques-
tion does not agree with that given, you should restudy the 
information to determine why your answer was incorrect. 
As you can see, this method of question-answer program-
ming insures that you will advance through the text as 
quickly as you are able to absorb what has been presented. 
The beginning of each chapter features a preview of its 

contents, and a review of the important points is contained 
at the end of the chapter. The preview gives you an idea 
of the purpose of the chapter—what you can expect to learn. 
This helps to give practical meaning to the information as 
it is presented. The review at the completion of the chapter 
summarizes its content so that you can locate and restudy 
those areas which have escaped your full comprehension. 
And, just as important, the review is a definite aid to reten-
tion and recall of what you have learned. 

HOW YOU SHOULD STUDY THIS TEXT 

Naturally, good study habits are important. You should 
set aside a specific time each day to study in an area where 



you can concentrate without being disturbed. Select a time 
when you are at your mental peak, a period when you feel 
most alert. 
Here are a few pointers you will find helpful in getting 

the most out of this volume. 

1. Read each sentence carefully and deliberately. There 
are no unnecessary words or phrases ; each sentence pre-
sents or supports a thought which is important to your 
understanding of electricity and electronics. 

2. When you are referred to or come to an illustration, 
stop at the end of the sentence you are reading and 
study the illustration. Make sure you have a mental 
picture of its general content. Then continue reading, 
returning to the illustration each time a detailed 
examination is required. The drawings were especially 
planned to reinforce your understanding of the subject. 

3. At the bottom of most right-hand pages you will find 
one or more questions to be answered. Some of these 
contain "fill-in" blanks. Since more than one word might 
logically fill a given blank, the number of dashes indi-
cates the number of letters in the desired word. In 
answering the questions, it is important that you 
actually do so in writing, either in the book or on a 
separate sheet of paper. The physical act of writing 
the answers provides greater retention than merely 
thinking the answer. Writing will not become a chore 
since most of the required answers are short. 

4. Answer all questions in a section before turning the 
page to check the accuracy of your responses. Refer to 
any of the material you have read if you need help. If 
you don't know the answer even after a quick review 
of the related text, finish answering any remaining 
questions. If the answers to any questions you skipped 
still haven't come to you, turn the page and check the 
answer section. 

5. When you have answered a question incorrectly, return 
to the appropriate paragraph or page and restudy the 
material. Knowing the correct answer to a question is 
less important than understanding why it is correct. 



Each section of new material is based on previously 
presented information. If there is a weak link in this 
chain, the later material will be more difficult to 

understand. 

6. In some instances, the text describes certain principles 
in terms of the results of simple experiments. The in-
formation is presented so that you will gain knowledge 
whether you perform the experiments or not. However, 
you will gain a greater understanding of the subject if 
you do perform the suggested experiments. 

7. Carefully study the review, "What You Have Learned," 
at the end of each chapter. This review will help you 
gauge your knowledge of the information in the chapter 
and actually reinforce your knowledge. When you run 
across statements you don't completely understand, 
reread the sections relating to these statements, and 
recheck the questions and answers before going to the 
next chapter. 

This volume has been carefully planned to make the learn-
ng process as easy as possible. Naturally, a certain amount 
pf effort on your part is required if you are to obtain the 
maximum benefit from the book. However, if you follow the 
pointers just given, your efforts will be well rewarded, and 
you will find that your study of electricity and electronics 
will be a pleasant and interesting experience. 
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1 
Vacuum_ Tubes 

In this chapter you will 
What You learn how an electric field 

influences the motion of 
Will Learn electrons. You will be able 

to name the elements of a 
diode tube and to explain how the diode operates. You 
will also learn how graphs are used to show the rela-
tionship existing between voltage and current in a diode. 

ELECTRONS IN AN ELECTRIC FIELD 

The electron is a negatively charged particle. Under the 
proper conditions, an electron can be moved by placing it 
under the influence of an electric field. Such a field is formed 
when a difference of potential exists between two points. If 
free to move in this field, the electron will move toward the 
more positive point. 

METAL PLATES 

----ELECTRIC FIELD 

ON 
BATTERY 

Electron Movement in an Electric Field 
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Electron Movement in a Vacuum 

It is difficult for electrons to move through a medium such 
as air because the electrons collide with the air molecules. 
For this reason electrons can move more easily in a vacuum. 
Many electrons moving in the same direction in an electric 

field form an electron stream. The number of electrons pass-
ing a given point in a given period of time is called current 
(for example, 1,000 electrons per second). The unit of cur-
rent is the ampere. When 6 quintillion, 240 quadrillion elec-
trons pass a point in a circuit each second, a current of 1 
ampere is said to be flowing. This number of electrons is 
called a coulomb. Therefore, 1 coulomb per second is 1 
ampere. 

Resistance Between Two Conducting Plates 

Consider two plates placed a specified distance apart in 
a vacuum, and assume electrons are able to leave one of the 
plates. A difference of potential between the plates will 
cause a certain amount of current to flow. If the value of 
the voltage is known and the current can be measured, the 
resistance can be calculated by using Ohm's law. 

RESISTANCE MEASUREMENT BETWEEN TWO PLATES 

ELECTRON 
STREAM 

ELECTRON 
FLOW 

VACUUM 

AMMETER 

E 6 VOLTS  
• 3 OHMS 

I 2 AMPERES 

= 6-VOLT 
-Z"- BATTERY 

E = 6 VOLTS 
I 2 AMPERES 

One terminal of a 6-volt battery is connected to one of the 
plates, and the other terminal is connected to the other plate 
through an ammeter. An electron stream flows through the 
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vacuum between the plates, and the ammeter measures a 
current of 2 amperes. Using Ohm's law, 6 (volts) divided 
by 2 (amperes) gives 3 ohms. 
Three factors determine the resistance between a set of 

plates: 1. Distance between the plates. 2. Voltage between 
the plates. 3. Temperature of the plates. 

Voriotion of Current With Mote Spacing 

d 

I • 8 MILLIAMPERES 1 • 2 MILLIAMPERES 

Distance Between the Plates—The figure shows two sets 
of plates with the same voltage applied between the plates of 
each set. The plates in one are twice as far apart as the 
plates in the other. The plates that are d distance apart 
allow four times as much current to flow as the plates D 
distance apart. 

Ql. What is the resistance across the d set of plates? 

Q2. What is the resistance across the D set of plates? 

Q3. Connect the battery so that the electrons move in 
the direction shown below. 

ELECTRON 

VACUUM 

Q4. An electron moves readily in a  

Q5. Which way will an electron move in the field shown 
below? 

ELECTRON 

-15 
VOLTS 

VACUUM 

- 20 
VOLTS 
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Your Answers Should Be: 

Al. The resistance is 750 ohms. 

E  6 volts  
R — 750 ohms 

I 8 milliamps 
A2. The resistance is 3,000 ohms. 

E 6 volts  
R — 3,000 ohms 

I 2 milliamps 
A3. The battery should be connected as shown. 

A4. An electron moves readily in a vacuum. 

A5. The electron must move away from the negative 
20-volt terminal and toward the negative 15-volt 
terminal. 

Voltage Across the Plates—The figure below shows that 
as the voltage across the plates is increased, the current 
increases. Note, however, that although the voltage doubles 
(from 4 volts to 8 volts), the current more than doubles 
(from 2 amperes to 6 amperes). 

The resistance of the 4-volt circuit is 2,000 ohms. The 
resistance of the 8-volt circuit is 1,333 ohms. It can be seen 
that as the voltage between the plates increases, the resist-
ance between the plates decreases. 
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Temperature of the Plates—Electrons are agitated by 
heat. This agitation causes an increase in electron velocity 
(movement) , and the increase in velocity makes it easier for 
the electrons to leave the plate. Thus, as the plate that emits 
the electrons is heated, more current flows. 

THE CATHODE AND ELECTRON EMISSION 

Since they are bound to the nucleus of an atom, electrons 
are difficult to move. To flow through an electric field, elec-
trons must be freed from their atoms. Such electrons are 
called free electrons. 
An electrode from which electrons are emitted is called 

a cathode. One method of generating free electrons is to 
expose certain materials to light. These materials are called 
photosensitive. If a metal is coated with a photosensitive 
material and then exposed to light, electrons will be emitted. 
This type of emission is called photoelectric emission. 

Certain materials emit electrons readily when heated. This 
is called thermionic emission. 

Fume* evasegioN 

METALAr E 
SENSITIVE COATING 
SPECIAL PHOTO-HEAT-SÈNSITIVE 

COATING 

THERMIONIC PHOTOELECTRIC 

Q6. As the distance between the plates decreases, the 
resistance between the plates ( increases, decreases). 

Q7. As the voltage between the plates decreases, the 
resistance between the plates ( increases, decreases). 

Q8. As the temperature of the emitting plate is de-
creased, the resistance between the plates ( in-
creases, decreases). 
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Your Answers Should Be: 

A6. As the distance between the plates decreases, the 
resistance between the plates decreases. 

A7. As the voltage between the plates decreases, the 
resistance between the plates increases. 

A8. As the temperature of the emitting plate is de-
creased, the resistance between the plates increases. 

The Heater 

Thermionic emission is the method most commonly used 
to supply free electrons. The element used to supply the 
heat for the cathode is called the heater. The heater is a 
very thin filament of wire through which electric current is 
passed. If coated with a heat-sensitive material, the fila-
ment then serves as a cathode and is called a directly heated 
cathode. 

CURRENT 
FLOW 

-....„..... 
ILAMEN 
OR 

HEATER HEAT-SENSITIVE 
- lili COATING 
BATTERY 

DIRECTLY 
HEATED 
CATHODE 

The indirectly heated cathode is made of a good emitting 
material shaped like a tube open at both ends. A filament is 

placed inside, but not touching, the cathode. No heater cur-
rent passes through the cathode. 

FILAMENT 

INDIRECTLY 
HEATED 
CATHODE 
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ATTRACTING THE EMITTED ELECTRONS 

The free electrons perform useful work if they are moved 
through an electronic circuit. An element called a plate is 
used to attract the electrons emitted from the cathode. The 
plate, made of metal, and the cathode are connected to a 
source of potential which makes the plate positive with 
respect to the cathode. Therefore, the negative electrons 
flow to the plate. 

Positire Plate ,11ttrocts Electrons From Catliodt 

CATHODE 

PLATE 

I'll 
F LAMENT 
VOLTAGE 

CURRENT 
FLOW 

PLATE 
VOLTAGE 

Q9. An electrode from which electrons are emitted is 
called a   

Q10. Electrons are emitted from a substance that has 
been exposed to light. This process is called 
  emission. 

Q11. The method most commonly used to generate free 
electrons is called emission. 

Q12. A heated filament coated with a material that 
will emit electrons very readily is called a(an) 
 cathode. 

Q13. A heated cathode through which no heating current 
passes is called a(an)   
cathode. 

Q14. The element that attracts electrons emitted from 
the cathode is called the  
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CURRENT FLOW 

1 our Answers Should Be: 

A9. An electrode from which electrons are emitted is 
called a cathode. 

A10. Electrons are emitted from a substance that has 
been exposed to light. This process is called pho-
toelectric emission. 

All. The method most commonly used to generate free 
electrons is called thermionic emission. 

Al2. A heated filament coated with a material that will 
emit electrons very readily is called a directly 
heated cathode. 

A13. A heated cathode through which no heating cur-
rent passes is called an indirectly heated cathode. 

A14. The element that attracts electrons emitted from 
the cathode is called the plate. 

DEVELOPMENT OF THE DIODE 

In one of his experiments with the electric lamp, Thomas 
A. Edison placed a small metal plate inside the evacuated 
envelope surrounding the filament. This plate was not 
touching the filament. By placing a galvanometer between 
the positive side of the filament and the plate, Edison noted 
a current was flowing through the seemingly open circuit 

CIRCUIT FOR 
DEMONSTRATING 
EDISON EFFECT 

between the filament and the metal plate. This action is 
known as the Edison effect. 

In 1904 Ambrose Fleming improved the plate by forming 
it into a tubular shape and using it to completely surround 
the filament. This two-element tube was called a diode. 
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Fleming's experiments with the diode proved that current 
flowed through it in only one direction—from cathode to 
plate. Fleming tried an experiment similar to that shown 
in the figure below. 

Circuit for Demonstrating Unidirectional 
Conduction of a Diode 

_ + 

1 

+ 

0 5 

+ /---- 
1 

GALVANOMETER 

/-----. - 
0 5 

- 

' 

GALVANOMETER 

Current Flow No Current Flow 

In the figure showing Edison's experiment, it can be seen 
that the side of the filament connected to the galvanometer 
and to the plate are at the same positive potential (the volt-
age of the battery). Therefore, there will be no current flow 
between these two points. However, the side of the filament 
connected to the negative terminal of the battery is nega-
tive with respect to the plate. As a result, electrons emitted 
from this side of the filament are attracted to the plate and 
cause a small current through the galvanometer. 

In Fleming's experiment, a similar situation existed when 
the galvanometer was connected to the positive side of the 
filament. However, when the galvanometer is connected to 
the negative side of the filament, the plate and that side of 
the filament are at the same potential. But the plate is more 
negative than the positive side of the filament. Therefore, 
no current flows through the galvanometer. 

Q15. A two-element tube is called a   

Q16. The apparent flow of current between a filament 
and a plate is called the • 

Q17. Diode current flows only from   to 

• 
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Your Answers Should Be: 

A15. A two-element tube is called a diode. 

A16. The apparent flow of current between a filament 
and a plate is called the Edison effect. 

A17. Diode current flows only from cathode to plate. 

THE CATHODE 

The directly heated cathode is a coated filament. The 
filament is often made of tungsten coated with thorium 
(this is called thoriated tungsten). The thorium acts as a 
good emitter of electrons when it is heated. The electrons 

TYPES OF CATHODES 

I 
PLATE 

FILAMENT 
Mg 

- 

. 

_ 

PLATE 

CATHODE 

HEATER 
- 

t 

_ 

CURRENT 
FLOW 

CURRENT FLOW 

Directly Heated Indirectly Heated 

emitted by the thorium are replaced by the tungsten. The 
figure shows how the filament battery sends current through 
the filament, heating it and causing it to emit electrons. 
The indirectly heated cathode consists of a metal cylinder 

heated by a filament placed inside, but not touching it. This 
type of cathode is usually coated with barium or strontium 
oxide, which serves as the electron-emitting material. 

THE PLATE 

In the diode, the element that collects the electrons is 
called the plate. This element is usually constructed so that 
it completely surrounds the cathode. 
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Below is a pictorial representation of a diode with an 
indirectly heated cathode. Current flowing through the 
heater heats the cathode. The cathode emits electrons which 
flow to the plate and through the battery back to the cath-

DIODE CONSTRUCTION 

HEATER 
CURRENT 

PLATE 

HEATER 

CATHODE 

PLATE 
CURRENT 

PLATE 

FILAMENT 

GETTER 

PINS 

GLASS 
ENVELOPE 

BASE 

SOCKET 

Indirectly Heated Cathode Directly Heated Cathode 

ode. The figure also shows the actual construction of a 

diode with a directly heated cathode. 
Because of the gases retained in the metal parts, it is 

very difficult to completely evacuate a vacuum tube. For 
this reason, a part called the getter is provided. The tube 
elements are brought up to a red heat after the air has 
been pumped from the tube. This releases the trapped gases, 
and then the getter is caused to burn quickly by an electro-
magnetic field surrounding the tube. The getter absorbs the 
gases released by the heat and, in the process, deposits a 
silver coating on the inside of the glass envelope. 

Q18. In a diode, the element that emits electrons is 
called a  

Q19. A separate filament circuit is used to provide heat 
for the   heated cathode. 

Q20. A   is used to remove gases retained in 
the metal parts of a diode. 
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VOLTAGE 

Your Answers Should Be: 

A18. In a diode the element that emits electrons is 
called a cathode. 

A19. A separate filament circuit is used to provide heat 
for the indirectly heated cathode. 

A20. A getter is used to remove gases retained in the 
metal parts of a diode. 

TUBE CHARACTERISTICS AND 
EFFECTIVE RESISTANCE 

Three factors affect the amount of current passing 
through a diode. They are the temperature of the cathode, 
the voltage between the plate and cathode, and the space 
charge. 

Temperature of the Cathode 

The hotter the cathode becomes, the more electrons it 
emits per unit time. There are practical limits to this, how-
ever. If the temperature of the cathode is increased too 
much, the filament will burn out. In addition, there is a 
limit to the maximum rate at which a cathode can emit 
electrons. 

Plate Voltage 

As the positive voltage of the plate becomes greater with 
respect to the cathode, current flow through the tube 
increases. 

O 0 0 

O 0 0 

O 0 0 

O 0 0 

O 0 0 

LARGER 
VOLTAGE 

CURRENT FLOW IS AFFECTED BY PLATE VOLTAGE 



There is also a limit to the tube current that can be 
obtained by increasing the plate voltage, because the plate 
cannot attract more electrons than the cathode emits. 
Suppose that the voltage on the plate remained the same 

but the plate was moved closer to the cathode. How would 
this affect the current through the diode? Under these con-
ditions the current would increase. 

CURRENT FLOW IS AFFECTED BY TU8E-ELEMENT SPACING 

SAME VOLTAGE 

Q21. Supply the missing meter pointer (approximate 
position) in the figure below. 

3 VOLTS 3 VOLTS 

Q22. If resistors It, and RR in the two circuits below 
are identical, which one will have the higher 
temperature? 

VI 

120 200 
VOLTS VOLTS 
DC DC 

Q23. Moving the plate away from the cathode ( in-
creases, decreases) the current flow through the 
diode. 

V2 
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Your Answers Should Be: 

A21. The needle should indicate that there is more cur-
rent flow in the plate circuit of the diode. As the 
arm of the potentiometer in the filament circuit is 
positioned farther to the left, more current flows 
in the filament circuit. The filament gets hotter 
and emits more electrons, and more current then 
flows in the plate circuit. 

A22. With a higher plate voltage (200 volts), V2 
conducts more current than VI, and the current 
through RD is more than the current through RA. 
Therefore I2RD is greater than I2RA, and R1: is hot-
ter than RA. 

A23. Moving the plate away from the cathode decreases 
the current flow through the diode. 

Space Charge 

Heat acts as the driving force to push electron number 1 
into the space around the cathode. Initially, the electron has 
much energy. However, most of this energy is expended in 
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Ireaking away from the cathode. The electron moves very 
lowly out into the space around the cathode and soon stops 
noving. Since the cathode has lost one of its electrons, it 
low has more positive charges (protons) than electrons. 
As a result, the electron is attracted back to the now posi-

ive cathode. However, heat is still driving other electrons 
'rom the cathode. As electron number 1 heads back toward 
,he cathode, it encounters electrons 2 and 3. Since they are 
tlso negative, they repel electron number 1, preventing it 
'rom returning to the cathode. The attempt of these elec-
.rons to return to the cathode is blocked by electrons 4, 5, 
Ind 6, and so on. As the electrons move out into space, they 
Form a cloud of negative charges. The larger this cloud 
)ecomes, the more opposition it offers to additional electrons 

eaving the cathode. 

/weep* 
ereireprier/av 
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Finally, a point is reached where, when a sufficient quan-
tity of electrons has been emitted, the cloud has enough 
negative charge to force newly emitted electrons back to the 
cathode. From then on, for every electron emitted by the 

cathode, one will be returned to the cathode. This condition 
of equilibrium is called emission saturation. The cloud of 
electrons around the cathode is called the space charge. 

Q24. The cloud of electrons that forms around the cath-

ode is called the  

Q25. The condition of equilibrium of the electron 
cloud around the cathode is called   
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A24. The cloud of electrons that forms around the 
cathode is called the space charge. 

A25. The condition of equilibrium of the electron cloud 
around the cathode is called emission saturation. 

HOW THE SPACE CHARGE AFFECTS CURRENT FLOW 

When a plate is placed in a vacuum tube, it does not receive 
electrons directly from the cathode. Instead, it takes them 
from the side of the space charge nearest the plate. 

TWO EQUILIBRIUM CONDITIONS IN A DIODE 

CATHODE EMITS 
ELECTRON, SPACE 
CHARGE RETURNS 

ELECTRON 

PLATE REMOVES 
ELECTRON, CATHODE 
REPLACES ELECTRON 

SPACE 

—o— o 0 

—0— 000 —0--- 

0 0 0 

—o-- o o 

o 0 

O 0 0 

o o 

O 0 0 

O 0 0 

CHARGE 

CATHODE-SPACE CATHODE-SPACE CHARGE-
CHARGE EQUILIBRIUM PLATE EQUILIBRIUM 

Each time the plate removes one electron from the space 
charge, the overall negative charge is decreased. Another 
electron must then be placed in the space charge to take 
its place. Thus, equilibrium (state of balance) in the space 
charge is maintained. Note there are now two conditions 
of equilibrium being maintained. One is when the electrons 
are emitted by the cathode into the space charge and are 
then returned to the cathode. The other condition of equi-
librium is when the plate removes an electron from the space 
charge and the cathode replaces this electron. 
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Space-Charge Equilibrium 

A state of equilibrium is set up between the plate, the 
cathode, and the space charge. This is shown in the figure 
below. Electrons are emitted from the cathode into the 
space charge from which the plate draws some electrons 

MUILOOMNI L\ DOOM 

A 

H 
CI 

D 
E 

RETURNED 
ELECTRONS 

C) o o o 

0 0 0 0 

0000 

EMITTED 
ELECTRONS 

SPACE 
CHARGE 

0000 

PLATE 
CURRENT 

(plate current). The remaining or surplus electrons not 
required by the plate are returned to the cathode. The quan-
tity returned is the difference between the amount of elec-
trons originally emitted by the cathode and the amount 
going to make up the plate current. The result of all this 
is that the space charge is maintained at a constant size. 
In other words, it reaches and stays in a state of equilibrium. 
This cloud of electrons making up the space charge pro-

vides a ready source of electrons for the plate current. This 
reservoir permits short periods of greater plate current flow 
than could be supplied directly from the cathode. 

Q26. The space charge is a substantial ( negative, posi-
tive) charge between cathode and plate. 

Q27. The field that repels the electrons emitted by the 
cathode lies between the   and the 

Q28. The field that removes electrons from the space 
charge lies between the   and 
the  

Q29. The plate exerts its force directly on the  
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A26. The space charge is a substantial negative charge 
between the cathode and the plate. 

A27. The field that repels the electrons emitted by the 
cathode lies between the cathode and the space 
charge. 

A28. The field that removes electrons from the space 
charge lies between the space charge and the 
plate. 

A29. The plate exerts its force directly on the space 
charge. 

Current-Flow Control 

In the figure below, the applied plate voltage is 100 volts. 
This results in a plate current of 18 ma. The cathode emits 
enough electrons to produce a current of 70 ma, but the 

PLATE 100 VOLTS POSITIVE 

CATHODE 

52 ma  

70 ma 

SPACE 
CHARGE 

100 VOLTS 

18 ma I pun 

space charge prevents some of them from reaching the plate. 
The 52-ma surplus is returned to the cathode. 

CATHODE 

PLATE 200 VOLTS POSITIVE 

20 ma 

70 ma 

SPACE 
CHARGE 

200 VOLTS 

 -11111111114 

50 ma _I\ I pLATE 

If the plate voltage is increased to 200 volts, the plate cur-
rent becomes 50 ma, and the current returned is 20 ma. 
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In the figure below, the plate voltage has been increased 

to 400 volts, and the plate current becomes 69 ma. Note 

that in each of these cases the sum of the plate current and 

the current returned to the cathode is equal to the current 
emitted by the cathode. 

PLATE 400 VOLTS POSITIVE 

CATHODE 

ei=la 

SPACE 
CHARGE 

I PLATE 

400 VOLTS 

When the plate voltage is increased to 450 volts, the plate 

current equals the cathode emission. This is illustrated in 
the figure below. 

PLATE- 450 VOLTS OR MORE POSITIVE 

70 ma  CATHODE C=> SPACE I 70 ma > 

CHARGE 

PLATE 

4.50 VOLTS OR MORE 

 - 11118111e 

Any further increase in the plate voltage will result in 

reducing the space charge. Then the voltage on the plate 

acts directly on the cathode and forces the cathode to emit 

more electrons than it is designed to emit. This results in 

rapid destruction of the emitting material and reduced life 
of the tube. 

Q30. Draw a diagram showing the conditions of equi-
librium in a diode. 

Q31. The number of electrons returned to the cathode 

plus the equals the number 
of electrons emitted by the cathode. 

Q32. If the emitted electrons produce a current of 90 
ma and the returned electrons produce a current 
of 30 ma, the plate current is ma. 
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A30. Your diagram should be similar to the one on 
page 32. 

A31. The number of electrons returned to the cathode 
plus the plate current equals the number of elec-
trons emitted by the cathode. 

A32. If the emitted electrons produce a current of 90 
ma and the returned electrons produce a current 
of 30 ma, the plate current is 60 ma. 

GRAPH OF PLATE VOLTAGE VERSUS 
PLATE CURRENT 

The most important fact to remember about a diode is 
how much current it will pass with a given amount of plate 
voltage. This type of information is summarized by a graph 
of plate voltage versus plate current. 

MPH OF Pun woaumg 
men KM CUMMIT 
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Each point on the graph represents a plate current for a 
particular plate voltage. For instance, the current for a 
plate voltage of 100 volts is found by drawing a vertical line 
from the 100-volt point on the horizontal axis to the curve. 
This locates point A. A horizontal line through point A 
passes through the 18-ma point on the vertical axis. Thus 
the graph shows that a current of 18 ma flows through the 
diode when the plate voltage is 100 volts. The current cor-
responding to any value of plate voltage can be found in the 
same way. 

The graph can also be used to determine the plate voltage 
necessary to cause a certain amount of current to flow. 
Assume that you wish to know the value of plate voltage 
required to cause a current of 50 ma. First find the 50-ma 
point on the vertical axis. A horizontal line through this 
point intersects the curve at point B. A vertical line through 
point B passes through the 200-volt point on the horizontal 
axis. Therefore, a plate voltage of 200 volts is required to 
produce a current flow of 50 ma. 
A graph similar to the one shown here can be prepared 

for any type of diode tube. Of course, a graph for one type 
of tube usually cannot be used to find voltage and current 
values for another type of tube. 

Notice the knee of the curve at around 400 volts. Increas-
ing the voltage in this area changes the plate current very 
little. Therefore this must be the point where all of the 
emitted electrons are being attracted to the plate. 
You have just seen how to use a graph of plate voltage 

versus plate current. The figure on the next page shows a 
circuit that can be used to obtain data for such a graph. 

Q33. In a graph of plate current versus plate voltage, 
the voltage is shown along the   
axis. 

Q34. In a graph of plate current versus plate voltage, 
the current is shown along the axis. 

Q35. The part of the curve where all of the emitted 
electrons are attracted to the plate is called the 
— — _— of the curve. 

Q36. A graph for one type of tube usually (can, cannot) 
be used for another type of tube. 
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A33. In a graph of plate current versus plate voltage, 
the voltage is shown along the horizontal axis. 

A34. In a graph of plate current versus plate voltage, 
the current is shown along the vertical axis. 

A35. The part of the curve where all of the emitted 
electrons are attracted to the plate is called the 
knee of the curve. 

A36. A graph for one type of tube usually cannot be 
used for another type of tube. 

PLOTTING A PLATE-VOLTAGE, 
PLATE-CURRENT CURVE 

To plot a plate-voltage, plate-current curve, the arrange-
ment below can be used. Each time the position of the 

Circuit to Obtain Data for Graph 

F I LAMENT --
BATTERY _F=- 1 CATHODE 

 j 

PLATE 

CIT) MI LL I AMETER 

arm of the variable resistor is changed, read the voltage 
and the current. After recording several of these readings, 
plot a graph similar to the one on page 36. 

EFFECT OF PLATE VOLTAGE ON 
EFFECTIVE RESISTANCE 

Remember the effective resistance between conducting 
plates in a vacuum? This same opposition exists between 
the cathode and plate of a vacuum tube and is called DC 
plate resistance, R. 
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Calculating DC Plate Resistance 

Assume that the graph shown below has been obtained 
by taking voltage and current readings on a diode tube. 

PUM Effl CMCULMOM 
PILM nmermmcg 
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69 ma 

450 VOLTS 
70 ma 

50 150 250 350 450 
100 200 300 400 500 

PLATE VOLTS 

To see how the DC plate resistance varies with plate volt-
age, calculate R1, at each of the points marked on the graph. 
The calculations yield the following results: 

1 Point A : 00 volts— 5,500 ohms 
18 ma 

200 volts  Point B: — 4,000 ohms 
50 ma 

400 volts  Point C: — 5,800 ohms 
69 ma 

450 volts  Point D: — 6,400 ohms 
70 ma 

Q37. To obtain data for a graph of plate current versus 
plate voltage,   readings are taken as 
the is varied. 
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A37. To obtain data for a graph of plate current versus 
plate voltage, current readings are taken as the 
voltage is varied. 

Variations of DC Plate Resistance 

In going from point A to point B (see the preceding page), 
the plate voltage increases and the DC plate resistance 
decreases. However, in going from point B to point C, the 
resistance increases as the voltage increases. This happens 
because points C and D are on the knee of the curve. The 
portion of the curve between points A and B is almost (but 
not quite) a straight line. It is often called the linear part 
of the curve. Normally, in the linear part of the curve, R„ 
decreases when the plate voltage is increased. 

APPLICATIONS 

Because of the unidirectional characteristic of the diode, 
it can perform many valuable functions. 

INPUT SIGNAL Plefficer/ON 
OUTPUT SIGNAL 

In the figure above, the diode is used as a detector. A typical 
TV picture signal is shown. It is passed through a diode 
detector which selects only the positive half of the signal. 

COMPOSITE 
VIDEO SIGNAL 

SYNC PULSES 

Cl/PP//WI 
_n  rL 

SYNC PULSES 

A diode can also eliminate undesired portions of a signal. 
This is called limiting, or clipping. In the figure above, an-
other type of TV signal is shown; it is the composite video 
signal. For certain applications, only the two sync pulses 
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are needed. The signal is sent through a diode sync sep-
arator which clips the sync pulses off the composite video 
signal. 

COMPOS ITE 
VI DEO SIGNAL 

+ 20 
VOLTS 

AM:r/ 11 

PEDESTAL 

el4,-0P/Ne COMPOSITE 
VI DEO SIGNAL 

Another use for a diode is to maintain a special voltage 
level for a signal—this is called clamping, or DC restora-
tion. The figure above shows a composite video signal whose 
pedestal is riding at positive 20 volts. The diode clamp 
causes this pedestal to ride at negative 50 volts. 

AC RECT//í//€'i47/ØAY N... DC 

In the figure above, an AC signal is shown entering a 
diode rectifier and leaving as pulsating DC. This first step 
in changing AC to DC is called rectification. It is the basis 
for all electronic power supplies. 

HILL 
TIME r-- 
GATE 1   
OPEN-1 

eiree 
r-' 

DIODE 

GATE 

•r> 

In gate-circuit action, several signals must be present at 
the same time for an output to be obtained. In the figure 
you see one signal which opens the gate at regular intervals. 
However, the only time there is an output is when two 
signals are present at the same time. 

Q38. A diode circuit used to pass one half off a signal 
is a  

Q39.. A diode circuit used as a sync separator is a 
- - . 

Q40. A  changes AC to pulsating DC. 
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A38. A diode circuit used to pass one half of a signal 
is a detector. 

A39. A diode circuit used as a sync separator is a 
clipper. 

A40. A rectifier changes AC to pulsating DC. 

WHAT YOU HAVE LEARNED 

1. Electrons move most easily in a vacuum. 

2. Electrons move from negative to positive in an electric 
field. 

3. Electrons are emitted from the cathode of a diode tube 
and are attracted to the plate. 

4. Some cathodes emit electrons due to the action of light 
and others due to the action of heat. 

5. Cathodes may be either directly or indirectly heated. 

6. A space charge consisting of a cloud of electrons exists 
between the cathode and the plate. 

7. Equilibrium normally exists in a diode between the 
cathode and the space charge and between the cathode, 
space charge, and plate. 

8. The relationship of plate voltage and plate current in 
a diode can be shown by a graph. 
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2 
Multielement Tubes 

You will learn about tri-
What You odes, tetrodes, and pen-

todes. You will be shown 
Will Learn schematic symbols for 

these tubes and the short-
hand notations used to identify the various voltages and 
currents associated with amplifiers. You will learn about 
the three tube parameters (amplification factor, AC 
plate resistance, and transconductance) and about bias. 
You will also learn how to use a tube manual to obtain 
information about vacuum tubes. 

THE TRIODE 

In 1907 Lee De Forest took out a patent on a Fleming 
valve containing a third element. Because of its gridiron-
like construction, this element was called a grid. This three-
element vacuum tube is called a triode. 

UPOCMIL 
11110M 

PLATE 

GRID 

CATHODE 

HEATER 

De Forest's experiments proved that the triode could do 
something that had never been done before—it could make 
small signals larger. The process of making strong signals 
out of weak signals is called amplification. The triode is 
often used as an amplifier. 
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THE GRID 

Through the years, grids have been constructed in many 
different ways. Some of these are improvements on the 
basic design, and others are for new applications. All of 
the grids have one thing in common—they are always placed 
between the cathode and the plate. 

TYPICAL GRIDS' 

ELL I PT1 CA CIRCULAR ELLIPTICAL I LADDER 
HELIX HELIX HELIX TYPE 

The Grid Introduces a Third Electric Field 

Adding a grid between the cathode and the plate intro-
duces another electric field in the triode. The effect of this 
additional electric field is shown in the figure below. 

Effect of the Grid in a Triode 

J CATHODE 

(ZERO VOLTS) 

GRID (NEGATIVE) 

—0-41 

SPACE.. 

CHARGE --c>e 

I PLATE 

GR ID REPELS ELECTRONS 
LEAVI NG SPACE CHARGE 

The direction of this field is determined by the polarity of 
the voltage applied to the grid. For reasons which will 
become evident later, the grid is operated with a small 
negative voltage (relative to the cathode) applied to it. The 
effect of this voltage is to repel electrons which would other-
wise leave the space charge and flow to the plate. 

Plate Voltage Accelerates Electrons 

As plate voltage is applied to the triode, electrons leave 
the space charge and head for the plate. As they travel 
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toward the plate, they gain momentum. As they approach 
the grid, the negative voltage on this element slows them 
down. Some, in fact, are even turned back to the space 
charge. However, due to the mesh-like construction of the 
grid, many of the electrons pass between the wires and on 
to the plate. 

ELECTRON MOVEMENT IN A TRIODE 
SOME ELECTRONS MOST ELECTRONS 
RETURN TO THE PASS THROUGH 
SPACE CHARGE GRID TO PLATE 

PLATE o  
CATHODE (POSITIVE) SPACE go  

ZERO VOLTAGE) CHARGE   
0  

D. 
GRID 

INEGAT I VE) 

Distance Between the Grid and Cathode 

This factor of triode construction affects the electron flow 
in the following manner. The slower the electrons move, 
the easier it is to stop them and return them to the space 
charge. Therefore a grid placed near the space charge 
(before the electrons have gained much momentum) is bet-
ter able to stop the electrons than one placed farther away 
(where the electrons have had a chance to gain momentum). 
In other words, the closer the grid is to the cathode, the 
more control it will have on electron flow to the plate. 

Effect of Cathode-Grid Distance on Plate Current 

WIDE CLOSE 
SPACING SPACING 

•   
▪ 1-> E   i DI-
LARGESMALL 
CURRENT CURRENT 

Ql. A three-element tube is called a  

Q2. What are the names of the elements of a triode? 

Q3. The process of making small signals larger is called 

Q4. The negative grid tends to   electrons 
from reaching the plate. 
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Al. A three-element tube is called a triode. 

A2. The names of the three elements of a triode are 
the plate, the grid, and the cathode. 

A3. The process of making small signals larger is called 
amplification. 

A4. The negative grid tends to prevent electrons from 
reaching the plate. 

Spacing Between the Grid Wires 

This factor of construction affects the flow of plate cur-
rent in a rather obvious manner. Closely spaced grid wires 
tend to concentrate the electric field. Therefore, the grid is 
better able to turn back the electrons when the grid wires 
are closely spaced. That is, the electrons have less chance 
of passing through the grid wires. 

WIDE GRID 
SPACING 
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LARGE 

CURRENT 

EFFECT OF 
CLOSE GRID 
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PLATE CURRENT 
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Negative Voltage Applied to the Grid 

As the grid is made more negative with respect to the 
cathode, its repelling effect becomes greater. Therefore, the 
more negative the grid, the less the plate current will be. 

EFFECT OF GRID VOLTAGE ON PLATE CURRENT 

J r=> 
SMALL VOLTAGE LARGE CURRENT 

LARGE VOLTAGE 

 ,I11111111/-

mo] 

1 

SMALL CURRENT 

Q5. The grid is operated (negative, positive) with 
respect to the cathode. 

Q6. The farther the grid is from t he cathode, the (more, 
less) the plate current is. 

Q7. The wider the spacing between the grid wires, the 
(more, less) the plate current is. 

Q8. Which meter measures more voltage? 

R1 

OHMS 
3900 

8 VOLTS 100 VOLTS 100 VOLTS 
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A5. The grid is operated negative with respect to the 
cathode. 

A6. The farther the grid is from the cathode, the more 
the plate current is. 

A7. The wider the spacing between the grid wires, the 
more the plate current is. 

A8. M2 measures more voltage. The plate voltage (V, 
and V2) is the same. The grid voltage of V, is less 
negative than that of VI. Therefore, V2 conducts 
more, causing a larger voltage drop across R2 than 
across RI. Meter M., thus measures more voltage 
than MI. 

EFFECT OF THE GRID ON TRIODE PLATE CURRENT 

The plate and cathode in a triode are essentially the same 
as those used in a diode. You know that increasing the volt-
age on the plate increases the plate current. The grid can 
also be used to increase plate current. However, since the 
voltage on the grid is a small negative voltage as opposed 
to the large positive voltage on the plate, the grid is made 
less negative to increase the plate current. Making the grid 
less negative is the same as making it more positive. Thus, 
there are two ways of varying the plate current. However, 
one of these ways provides more efficient control than the 
other. Since the grid is nearer to the cathode, its effect on 
the electrons is much greater than that of the plate. 
Look at the figure on the next page. In the upper left 

corner is a tube whose grid voltage is —10 volts and whose 
plate voltage is +150 volts. This results in a current flow 
of 20 ma. When the plate voltage is increased to +200 volts, 
the plate current is 30 ma, a 10-ma increase. 
Now look at the tube in the upper right corner of the 

figure. Again the plate voltage starts at + 150 volts and 
the grid voltage starts at —10 volts, resulting in a plate 
current flow of 20 ma. But this time the plate voltage is 
kept at + 150 volts and the grid voltage is varied from —10 
to —8 volts. The plate current changes 10 ma as before, 
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from 20 ma to 30 ma. Thus, to change the plate current 10 
ma, either the plate voltage can be changed 50 volts or the 
grid voltage changed 2 volts (for the tube in this example). 
In most cases, this is done by varying the grid voltage. 

REL4TIVE EFFECTS OF CHANGES IN GRID AND 

PLATE VOLTAGE 

I 

-10 +150 
VOLTS VOLTS 

I 

SAME GRID +200 
VOLTAGE VOLTS 

20 ma -0-1 

PLATE 
CURRENT 

30 ma -4-1 

• 
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o 

• 
+150 -10 
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I 

e 
• 

SAME PLATE -8 
VOLTAGE VOLTS 

The constant use of the terms plate voltage, grid voltage, 
and filament voltage has led to the use of some simple 
shorthand notations, as shown in the figure below. 

LETTER 
DESIGNATIONS 
FOR TRIODE 

VOLTAGE SUPPLIES 

Q9. List the following resistors in order of decreasing 
wattage rating. 

V3 

R3 

200 VOLTS 200 VOLTS 12 VOLTS 210 VOLTS 

R1 = R2 - R3 
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A9. R2, R3, RI. Since all of the resistors have the same 
resistance, the one through which the most current 
flows requires the highest wattage rating. All that 
is necessary is to determine which tube has the 
highest plate current. V, and V2 both have plate 
voltages of 200 volts, but V, has a grid voltage that 
is less negative than V, by 10 volts. Therefore V2 
conducts more heavily than V,. The grid voltages 
of V, and V3 are the same, but the plate voltage of 
V3 is 10 volts higher than the plate voltage of Vi. 
For this reason, V3 also conducts more heavily than 
V,. Thus, V, has the least plate current; its re-
sistor needs the lowest wattage rating. Note that 
both V2 and V3 have had a change of 10 volts (with 
respect to V1)—V2 +10 volts to the grid and V3 
+10 volts to the plate. Since the grid has more 
effect on the plate current and since the voltage 
changes were the same, V2 must conduct more 
heavily than V3. Thus R2 requires a higher wattage 
rating than R3. 

TUBE CHARACTERISTICS 

You have already learned that three factors affect the 
amount of current passing through a diode. These are the 
temperature of the cathode, the voltage on the plate (with 
respect to the cathode), and the space charge. The plate 
current of a triode is also affected by all of these factors 
and, in addition, one more—the voltage on the grid with 
respect to the cathode. 
Remember the diode characteristic called DC plate resist-

ance (Ri,): Increases in plate voltage cause decreases in Ft, 
(in the linear part of the curve). Do changes in grid voltage 
affect the Ri, of a triode in a similar fashion? To find out, 
plot a curve of grid voltage versus plate current. The cir-
cuit shown in the figure on the next page can be used to 
obtain the information for this curve. The method used 
to obtain this information is also explained in the para-
graphs that accompany the illustration. 
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Grid-Voltage, Plate-Current Characteristic 

Note that the filament voltage is not shown in the figure, 
but it must be supplied. The plate-supply voltage (Eh) is 

CIRCUIT TO OBTAIN DATA FOR TRIODE 
  CHARACTERISTIC CURVE   

20 VOLTS 

COMMON REFERENCE 

PLATE 

CURRENT 

PLATE-SUPPLY 
VOLTAGE 
• 25 PLATE 0 VOLTS 

VOLTAGE (Ep) 

250 volts, but any voltage may be used as long as it is cor-
rect for the tube you have selected (you may determine this 
voltage from a tube manual). The plate-supply voltage will 
be held constant throughout this test. Adjust R. until some 
plate-current flow is indicated on ammeter A. Read the value 
of this current and the grid voltage and record these values. 
Continue to change the grid voltage and read the two meters 
until you have obtained about five pairs of readings. Plot 
the data on a graph. You should obtain a graph similar to 
that shown in the figure below. 

TRIODE PLATE CURRENT VERSUS GRID VOLTAGE 

PL
AT

E 
CU

RR
EN

T 
(i

p)
 M
IL

LI
AM

PE
RE

S 11.6 

10 

5 
4.7 

1.7 

O. 3 

-20 -14 -12 -10 -7 -5 
GRID VOLTAGE (E9 

Q10. Determine 12,, for each of the points on the graph. 
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A10. For each of the selected grid voltages, Rp should 
be: 

e, R„ 
Sample Calculation: 

21.4K 
—10 53.2K R E,, 250V  

P It, 4.7 ma —12 147K 
—14 833K Rt, = 53.2K 

First find the point at which a vertical line 
through the desired grid voltage intersects the 
curve. Next, observe where a horizontal line 
through this point on the curve passes through 
the vertical axis. Read the plate current at this 
point. Use this value along with the value of El, 
to calculate lit,. 

Shorthand Notations 

Below is a list of some of the shorthand notations used 
to represent the various voltages and currents associated 
with a triode. 

= the plate-supply voltage. 
et, = the instantaneous total plate voltage. 
= the average total plate current. 

E, = the control-grid supply voltage. 
e„ = the instantaneous total grid voltage. 

Note that capital letters are used to indicate source 
or average values and small letters are used to indicate 
instantaneous values. 

FAMILIES OF CURVES 

When discussing the characteristics of a diode, it was only 
necessary to plot one curve to completely describe the be-
havior of the tube. However, with the addition of a grid, 
another variable must be added to cover the operating con-
ditions. In plotting the curve of grid voltage versus plate 
current, one of the tube voltages must be maintained con-
stant or the result will be meaningless. In plotting the 
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grid-voltage, plate-current curve, the plate voltage was 
maintained constant at 250 volts. Plot the curve again for 
plate voltages of 200 and 300 volts. These curves make up 
a family of curves to describe the operation of the triode 
almost as thoroughly as the one curve described the opera-
tion of the diode. To improve on the coverage given by 
these curves, just add additional curves at other plate volt-
ages. This group of curves is called the grid family of char-
acteristic curves. 

Grid Family of Curves 

The figure below shows a grid family of characteristic 
curves. Three of the curves were determined previously— 
the ones for E1, equal to 300, 250, and 200 volts. Note the 
points at which the plate current is zero. The grid voltage 
that is sufficiently negative to stop the flow of plate current 
is called the cutoff voltage. Note that the higher the value 
of E,„ the more negative the cutoff voltage is. 

GRID Il IIIY UF cuiRicrneisTu: CURVES 
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-18 -16 -14 GRID VOLTAGE (E 9) -4 -2 
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Q11. A group of curves that describes the operation of 
a tube is called a of 
  curves. 

Q12.   letters are used to indicate source or 
average values;   letters are used to indi-
cate instantaneous values. 

Q13. The   voltage is held constant for each 
curve in a grid family of characteristic curves. 
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All. A group of curves that describes the operation of 
a tube is called a family of characteristic curves. 

Al2. Capital letters are used to indicate source or aver-
age values; small letters are used to indicate in-
stantaneous values. 

A13. The plate voltage is held constant for each curve 
in a grid family of characteristic curves. 

Interpreting the Curves 

Suppose that 11„ was calculated for the points shown in 
the figure on the previous page. When e„ is 300 volts, R„ is 
60K; when e„ is 100 volts, R„ is 20K. These results seem to 
show that as the plate voltage decreases, R„ decreases. Why 
was this wrong conclusion reached? The plate voltage was 
changed at the same time the grid voltage was changed. 
Note, however, that the plate current remains the same. 
You will soon see that even though this method of collecting 
information does not give the correct information about how 
the R„ of a tube varies with plate voltage, it does offer very 
useful information. This information is one of three meas-
ures of the usefulness of a tube known as tube parameters. 

TUBE PARAMETERS 

In referring to vacuum tubes, the term parameter is de-
fined as a measure. It is usually a combination of more than 
one measure (often a ratio). A parameter is normally fairly 
constant for the item it describes. 
Suppose you wish to describe a bar of steel. You might 

say that it is 6 feet long, but this can change (you might 
cut some of it off). Its weight may be 30 pounds; this would 
also change if the bar were cut. Length and weight are not 
parameters because they do not remain constant. How about 
the density of the steel (its weight per cubic foot) ? This 
does not change as you change the dimensions of the steel. 
Therefore, density is a parameter of the steel. 
Suppose you were told that two cars made a trip of 80 

miles. It is easy to see that these trips were entirely differ-
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ent in nature if one was made in an hour and the other was 
made in six days. In the same fashion, what if two cars 
traveled for four hours? What does this mean? Nothing 
until it is specified that one car traveled 80 miles and the 
other traveled 320 miles. The best way to compare the 
speeds of the two cars is to specify their speeds in miles 
per hour (this is a parameter). 
Rp is not a parameter because it changes as the plate 

voltage and grid voltage change. The parameters used to 
describe vacuum tubes are often called tube constants. They 
are amplification factor, AC plate resistance, and transcon-
ductance. 

Amplification Factor 

Amplification factor is the tube parameter that indicates 
the maximum amplification of which the tube is capable. 
(In actual circuits this maximum is never reached.) The 
symbol for amplification factor is the Greek letter p. (also 
written mu). 
You know that a triode is an amplifier. Just how much 

can it amplify a signal applied to it? The amplification is 
the ratio of the amplitude of the output signal to the ampli-
tude of the input signal. 

mmplonciAnem 

4 VOLTS 
INPUT 

TRIODE 

OUTPUT 20 VOLTS = 5 
AMPLIFICATION = 

INPUT 4 VOLTS 

20 VOLTS 
OUTPUT 

In the above figure, the amplification is 20 volts divided 
by 4 volts, or 5. 

Q14. The symbol for amplification factor is — 

Q15. The ratio of the   voltage over the 
 voltage in a triode is called amplification. 
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A14. The symbol for amplification factor is 

A15. The ratio of the output voltage over the input 
voltage in a triode is called amplification. 

Calculating the Amplification Factor 

Imagine that you have just designed a new triode. In 
order to check its characteristics you have collected a grid 
family of curves, such as the one that was illustrated on 
page 53. Returning to the erroneous conclusion about the 
relationship between the plate voltage and the DC plate re-
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sistance, select points 1 and 2 on the graph. In going from 
point 1 to point 2 the plate voltage decreases 50 volts. But 
the plate current remains the same (5 ma). Picture this in 
steps. Lower the plate voltage 50 volts and cause a decrease 
in plate current. Now raise the plate current back to its 
original value (5 ma in this example) by making the grid 
voltage less negative (from —13 to —11 volts). It takes 
a 50-volt change of plate voltage to change the plate cur-
rent a certain amount, but a grid-voltage change of only 
2 volts is required to return the plate current to normal. 
The ratio of these two voltage changes is the amplification 
factor of the triode. In this case: 

= _ Change in Plate Voltage 50V 25 
p.  

Change in Grid Voltage 2V 

AC Plate Resistance 

You have seen how DC plate resistance varies for a triode. 
The resistance that a triode offers to changing voltages, such 
as sine waves, is called AC plate resistance, rp. Unlike Rt„ 
rt, remains fairly constant for a particular triode; it is a 
parameter. 

In the figure on the facing page, the line for a grid volt-
age of —10 volts intersects the curve for et, = 300 volts 
at a plate current of 10 ma. It also intersects the curve for 
e„ = 250 volts at a plate current of 4.6 ma. To simplify 
what is to follow, a new symbol is introduced. The symbol 
is A, the Greek letter delta. This symbol means a "change 
in" or the "difference between" two successive values of 
something. For example, the change in e1, from 300 volts 
to 250 volts may be written ,c,e„ = 50 volts. AC plate resist-
ance is the ratio between aep and its corresponding change 
in plate current (zit,) with the grid voltage held constant. 
In this case, 

r — Ate= 300 — 250 volts 50 volts 9'280 ohms 
10 — 4.6 ma 5.4 ma  

Use the figure on the facing page to calculate rp at —6 
volts and —8 volts. Work right on the figure. 

Q16. For e, = —6 volts, rp — ohms. 

Q17. For e, = —8 volts, rp — ohms. 
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200 150 volts 50 volts 
A16. ri, —  —  10,000 ohms 

7.5 — 2.5 ma 5 ma 

250 — 200 volts 50 volts A17. r„ 
9'090 ohms 9.0 — 3.5 ma 5.5 ma 
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Note that these values (9,280, 10,000, and 9,090 
ohms) are all fairly close to each other. When 
compared to the changes in It„ (from thousands of 
ohms to hundreds of thousands of ohms), the AC 
plate resistance (r„) may be considered almost a 
constant for a particular triode. 
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Linear Portion of the Curve 

In considering rp to be a constant, the points used to cal-
culate this parameter must be selected with care. For 
example, suppose the —8-volt point is selected again, but 
this time the plate-voltage curves for 200 and 150 volts are 
used. The resultant calculation gives: 

200 — 150 volts 50 volts rP — 16,700 ohms 
3.5 — 0.5 ma 3 ma  

What makes this value so much different from the others? 
This is due to the selection of the point on the 150-volt 
curve. What's different here? Refer to the curve on the 
opposite page. Notice how it starts out as a gentle curve 
but soon straightens out. Place a straightedge against it 
and notice that this portion of the curve is practically a 
straight line. This straight-line portion is called the linear 
portion of the curve. When points are selected on the linear 
portion of the curve, the result is a fairly constant rp. Those 
selected on the curved portion result in quite different values 
of rp (see the previous page). This linear portion of the 
curve plays a great part in preventing distortion of signals. 

Tubes Are Like Highways 

It may be helpful to think of vacuum tubes as being like 
highways with electrons for cars. The electrons try to go 
from cathode to plate just as cars try to reach their destina-
tion. A highway also has a property that can be thought of 
as resistance. Which offers more resistance to cars, a dirt 
road or a paved road? Think of other factors that affect the 
"resistance" of a highway (curves, hills, intersections, etc.). 
Many kinds of signs give the driver an idea of the "resist-

ance" of the road. As a result they caution him to change 
his speed. But how slow should he go? There are signs that 
tell the exact "resistance" of the highway. A lot of resist-
ance calls for a slower speed—a small resistance allows a 
higher speed. In other words, the speed-limit signs tell the 
driver the amount of opposition the highway offers. 

Q18. The value of r, is (nearly, not) constant when it 
is calculated from points on the linear parts of the 
curves. 
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A18. The value of rp is nearly constant when it is cal-
culated from points on the linear parts of the 
curves. 
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Transconductance 

The speed limit is based on an estimated safe traveling 
speed for a particular road. In this sense, it is a parameter. 
Notice something about it. Instead of a number increasing 
as resistance increases, the number expressing "resistance" 
of a highway decreases as the "resistance" of the highway 
increases. 
There is a tube constant that describes a tube in much 

the same fashion as a speed limit describes highways. This 
constant is called transconductance. Transconductance is a 
measure of the effect that changes in grid voltage have on 
plate current. The symbol for transconductance is g. 
You can find g„, from the grid family of curves in the 

following manner. Inspect the curve for a plate voltage of 
150 volts. Record the current at grid voltages of —6 and —4 
volts. Then divide the change in plate current by the change 
in grid voltage to find g„,. 

gm — — 6.5 — 2.5 ma  4 ma 2 
Aeg (-4) — (-6) volts 2 volts 

The result is in milliamps over volts. Volts over milliamps 
results in resistance in thousands of ohms (kilohms). The 
inverse of the ohm is called the mho (ohm spelled back-
ward). Just as most of the currents in vacuum tubes are in 
the order of thousandths of an ampere (milliamps), so the 
units of transconductance are usually in the order of mil-
lionths of a mho (micromhos) or thousands of a mho (mil-
limhos). Micromho is often written as izmho. Returning to 
the answer in the previous calculation, it should be 2 mil-
limhos, or 2,000 ¡mhos. Transconductance is usually meas-
ured in micromhos. 

Q19. The transconductance at ei, = 200 volts is  
  (Use the graph on the facing page.) 

Q20. The transconductance at ei, = 300 volts is 

Q21. Write the equations for each of the three tube 
constants. 

Q22. Transconductance is usually measured in units 
called  
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A19. At e = 200 volts: 

gm Akie. 7.5 — 3.4 ma  
e.e. (-6) — (-8)V 
4.1 ma  
2 volts 2'050 "'Linhos 

A20. At e„ = 300 volts: 

¿sin 10 — 5.5 ma 
àe. (-10) — (-12)V 
4.5 ma  
2 volts 2'250 emhos 

A21. ,u = (ip constant) 

ri, = (eg constant) 

g. = (e„ constant) 
àe. 

A22. Transconductance is usually measured in units 
called micromhos. 

Significance of Transconductance 

Transconductance is the parameter most used to describe 
the characteristics of a vacuum tube. For example, a tube 
with a transconductance of 2,000 ¡mhos would give more 
amplification (at the same plate voltage) than a tube with 
a transconductance of 1,500 ¡mhos. Note from answers A19 
and A20 above that the g, for a particular triode remains 
fairly constant over the entire grid family of curves, except 
in the nonlinear portions. 

Tube-Constant Relationships 

All of the parameters (et, g., and rp) are obtained from the 
same family of curves. It would appear there must be a 
relationship existing between the parameters. That rela-
tionship is: 

= 8In X rp = 
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Note how the volts and milliamps cancel. As a result, the 
amplification factor has no units. 
To show this relationship, take the values of r„ found 

around the 200- and 150-volt curves ( 10,000 ohms) and the 
gr„ found on the 150-volt curve (2,000 /mhos). These values 
of transconductance and AC plate resistance can be sub-
stituted in the equation, and the value of the amplification 
factor can be calculated. 

p, = 10,000 ohms X 2,000 /mhos = 20 

Note how the ohms cancel out the mhos. This is the same 
value calculated earlier for the p, of the tube. 
The equations for it, gm, and rp can be used to prove the 

equation for the relationship of the parameters. Start with 
the equation for it: 

Aep 
1.4 

Aeg 

Take the equation r = and solve for Aep: 
P Aip 

ep = Aiprp 

Take the equation g. = , and solve for Aeg: 
Aeg 

Ai 
eg =--

(1) 

(2) 

(3) 

Substitute equations (2) and (3) in equation ( 1). 

Ae„ Ai,,r,, 
= = g„,rp. 

àeg --E 
g. 

TUBE MANUALS 

Up until now you have been supplied with data on how 
tubes behave under various conditions. You have also seen 
how to generate this information experimentally. However, 
where can you obtain this information on a particular tube? 
Nearly all manufacturers of vacuum tubes publish manuals 
containing tube data. 

Q23. rp = 7.5K; p = 15; g„, = ? 

Q24. p = 45; g„, = 9 millimhos; rp = ? 
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15  A23. gn, — ih 2,000 pmhos 
ri, 7,500 ohms 

A24. r — ei  45  5,000 ohms P 
g,„ 0.009 mho 

General Contents of a Tube Manual 

Most tube manufacturers publish a new manual each year, 
but there are those who publish only one manual every three 
or four years and keep it up to date by mailing data sheets 
to subscribers. The manual published by one leading tube 
manufacturer contains the following sections. 

Electrons, Electrodes, and Electron Tubes—This section 
contains the basic theory of vacuum tubes from the electron 
to the cathode-ray tube. It is a very condensed version 
and is intended as a refresher rather than as a textbook 
presentation. 

Electron-Tube Characteristics—This section contains a 
brief review of the tube characteristics, parameters, and 
curves already covered in this chapter. 

Electron-Tube Applications—In this section you will find 
brief descriptions of many vacuum-tube applications. In 
this particular manual these are divided into the following 
nine categories: amplification, rectification, detection, auto-
matic volume or gain control, tuning indication with elec-
tron-ray tubes, oscillation, deflection circuits, frequency con-
version, and automatic frequency control. 

Electron-Tube Installation—Under this heading you will 
find various suggestions and precautions to be followed when 
installing electron tubes. 

Interpretation of Tube Data—This section lists the infor-
mation necessary to interpret the data provided in the Tube 
Types section of the tube manual. 

Receiving-Tube Classification Chart—This section provides 
a chart summarizing all of the tubes in the manual. It 
groups them according to tube types and characteristics, as 
well as to physical configuration. 
Tube Types-Technical Data—This section comprises the 

bulk of the manual. It lists all of the tubes in alpha-numeric 
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order. A tube is identified by a combination of numbers 
and letters. The first grouping in the identification code is 
usually numeric and may contain as many as three digits. 
This grouping is usually an indication of the filament volt-
age necessary to operate the tube. For example, a 1A3 uses 
a heater voltage of 1.4 volts, a 5U4 uses a heater voltage of 
5.0 volts, and a 117Z3 uses a heater voltage of 117 volts. 
(For picture tubes, the initial digits do not give the heater 
voltage.) This section of the manual is discussed in more 
detail later. 

Picture-Tube Characteristics Chart—This chart summa-
rizes the physical and electrical characteristics of television 
picture tubes in much the same fashion as the receiving-tube 
classification chart. 

Electron-Tube Testing—This section gives information 
and circuits that describe and illustrate practical tube-tester 
considerations. 

Resistance-Coupled Amplifiers—This section describes the 
use of the resistance-coupled amplifier and provides charts 
showing the voltages and components necessary to operate 
over 50 different type tubes as resistance-coupled amplifiers. 
Circuits—Here you will find a number of representative 

circuits complete with component values. Some of the cir-
cuits included are AM, FM, and auto receivers; microphone 
and phonograph amplifiers; a code practice oscillator; and 
an electronic volt-ohmmeter. 
Outlines—This section gives the physical dimensions of 

every tube in the manual. There are only a few pages 
because many of the tubes have the same external physical 
construction. 
Index—The index for this manual is in a standard alpha-

betical form as used in most publications. 

Q25. The first digits in a tube-type number usually 
represent the  of the tube. 

Q26. Tube manuals usually list tubes in  
 order in the technical-data section. 

Q27. (A few, nearly all) tube manufacturers publish 
manuals giving data on the tubes they manufac-
ture. 
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A25. The first digits in a tube type number usually 
represent the heater voltage of the tube. 

A26. Tube manuals usually list tubes in alpha-numeric 
order in the technical-data section. 

A27. Nearly all tube manufacturers publish manuals 
giving data on the tubes they manufacture. 

• 

Page From a Typical Tube Manual 

MEDIUM-MU TRIODE 6J5 
Metal type 6J5 and glass octal 

type 6J5-GT used as detectors, ampli- 6J5GT 
" fiers, or oscillators in radio equipment. Related omm. 

6 esS • These types feature high transconduct- 121501 

anee together with comparatively 
high amplification factor. Outl ines 2 and I4C, respectively, OUTLINES SECTION. 
Tubes require octal socket and may be mounted in any position. For typical 
operation as resistance-coupled amplifiers, refer to RESISTANCE-COUPLED 
AMPLIFIER SECTION. Type 6J5-GT is used principally for renewal purposes. 
HEATER VOLTAGE TAC/DC/  6.3 volts 

HEATER CURREN?  0.3 ampere 

Mager Isvgaggicntoog CAPACITANCE. (Approx.): 6J5* 6J5-GT.• 

Grid to Plate  3.1 38 Pi 

Grid to Cathode and Heater  3.4 4.2 Pl. 

Plate to Cathode and Heater  3.6 5.0 Pi 

• Shell connected to cathode. "Baje sleeve and external shield connected to cathode. 

EC 6J5G7 

CLASS A, AMPLIFIER 
Maximum Ratings, . Dreoln-C. (Orr l'aluert, 

PLATE VOLTAGE  300 mos. volt. 
(11(10 VOLTAGE. Pueitive-Ina• value  Om is volts 

PLATE 1 TISRITAT1oN  2.5 max watts 

CAVIAR*. CURRENT  20 max m• 
PEAK HEATER-CATRODE VOLTAGE: 

Heater negative with respect to cathode  90 max volts 
Heater positive with respect to cathode  90 mos volts 

Characteristic:: 

Plate Voltage  90 250 volts 

Grid Voltage  ii -8 volts 
Amplification Factor  20 20 

Plate Resistance . Apprit.   6700 7700 ohms 
Tranwonductance  3001 2600 unlit°. 
Grid VOII3,e ( Appro., for plate current of 10 »II  -7 -IS volts 

Plat) Current  10 o ITLA 

Maximum Circuit Value, 

Grid-Circuit Re Oman),  1.0 max megohm 

1111 
AVERAGE PLATE CHARACTERISTICS 

Ives 6..5 
11,••.) vat 

e 

2 

y  

AO »AO TAO 
  vOLTI: 

•00 ARA 

Courtesy Radio Corporation of Am, e. 
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Technical Data 

A typical technical-data page is shown at the left. These 
data are for a type 6J5 vacuum tube, the type that has been 
used for all the examples concerning tube characteristics and 
parameters. On the right side of the data sheet is a diagram 
showing how each of the elements is connected to the tube 
pins. These connections (pins) are numbered in a clockwise 
direction as you look down on the top of the tube. In addi-
tion, there are letters next to these pins that identify the 
elements to which they are connected. These letters are 
identified in the diagram below. 

KEY TO SOCKET CONNECTION DIAGRAMS 

Bottom Views 

• = Gas-Type Tube 
BC = Base Sleeve 
BS = Base Shell 
C = External Conduc-

tive Coating 
CL= Collector 
DJ = Deflecting Elec-

trode 
ES = External Shield 
F = Filament 

FM 

G = 
H 
HL 

HM 
IC 

=Filament Mid-
Tap 

Grid 
= Heater 
= Heater Tap for 

Panel Lamp 
= Heater Mid-Tap 
=Internal Connec-

tion — 
Do Not Use 

IS = Internal Shield 
K = Cathode 
NC = No Connection 
P = Plate or Anode 
RC = Ray-Control 

Electrode 
S = Shell 
TA = Target 

Courtesy Radio Corpora tío,, 
of America 

Alphabetical subscri )ts B, D, HP, HX, P, and T indicate, respec-
tively, beam unit, diode unit, heptode unit, hexode unit, pentode 
Unit, and triode Unit in multi-unit types. 

At the top of the sample page is a short paragraph 
describing the important features of and suggested uses for 
the tube. References are made to other portions of the 
manual where additional information about this tube can be 
found. Below this paragraph is a tabular presentation of 
significant tube characteristics. 
Use the sample page to obtain the following information: 

Q28. The amplification factor of the 6J5 is — 

Q29. The 6J5 may be used as a  
or  

Q30. With a plate voltage of 90 and a grid voltage of 0, 
the gm is  

Q31. With a grid voltage of — 8 and a plate voltage of 
250, the rp is  
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A28. The amplification factor of the 6J5 is 20. 

A29. The 6J5 may be used as a detector, amplifier, or 
oscillator. 

A30. With a plate voltage of 90 and a grid voltage of 
0, the g„, is 3,000 ktmhos. 

A31. With a grid voltage of —8 and a plate voltage of 
250, the r„ is 7,700 ohms. 

Characteristic Curves 

At the bottom of the sample page is a family of curves. 
This is not the grid family that you have been using up 
until now. The grid family of curves (also referred to as 
the transfer-characteristic curves) was obtained by varying 
eg while observing j1, with several fixed values of e.. The 
curve in the tube manual is called the plate characteristic 
curve (also called the plate family of curves) and is obtained 
by observing i1, as e1, is varied with eg held constant. 

BIASING 

Grid bias is the difference in DC potential between the 
grid and the cathode. Bias determines the operating point 
of the tube. Consider the tube in the figure. 

GRID VOLTAGE AND 8IAS 

OV 
GRID 

VOLTAGE 

The bias on the tube above is equal to the difference 
between the grid voltage (-8 volts in the figure) and the 
cathode voltage (0 volts in the figure). Therefore the bias 
in this case is equal to —8 volts. 
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One way to measure the bias on a tube is to measure the 
voltage on the grid and then the voltage on the cathode 
(always with respect to the same common point, or ground). 
Add these voltages as if you were going from the grid to 
the cathode, and observe the polarities of the voltages. For 
example, in the figure you will measure —8 volts from grid 
to ground. The cathode voltage measured will be +4 volts 
(4 ma >< 1K). However, in going from grid to cathode, you 
pass through the battery from negative to positive and then 
through the cathode resistor from negative to positive. Thus 
you pass through a total of —12 volts of bias. 

MEASURING BIAS 
VOLTAGE 

Q32. Use the graph below to find p. at a plate current of 
8 ma. 

Q33. Use the graph to find gn, at an Ei, of 120 volts. 

16 

iéue 12 

Ef' 6.3 VOLTS 5 8 

e 4 

PLATE VOLTS 

Q34. Grid bias is the difference in DC potential between 
the -- — — and the  

Q35. Bias voltage equals grid voltage if the  
voltage is zero. 
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A32. 
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A34. Grid bias is the difference in potential between the 
grid and the cathode (not cathode to grid). 

A35. Bias voltage equals grid voltage if the cathode 
voltage is zero. 

160 240 320 
PLATE VOLTS 

400 480 

Biasing Methods 

There are several methods of supplying bias. The funda-
mental method is the application of a steady DC voltage to 
the grid of the tube. Other methods will be discussed in the 
chapter on vacuum-tube amplifiers. 
The bias determines the operating point of the tube. That 

is, with no signal applied to the tube a certain plate current 
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will flow. This current is the static plate current and is con-
trolled by the bias. The bias is nearly always negative. The 
figure shows what happens when the bias is positive. 

EFFECT OF POSITIVE GRID VOLTAGE 

PL
AT

E 
C
U
R
R
E
N
T
 

rTO l NEAR ITY 

DUE GR I D-CURRENT 
FLOW 

_ 0 
GRID VOLTAGE 

When the grid voltage is positive, it can remove electrons 
from the electron stream. These are electrons that would 
normally be part of the plate current. Thus, increasing the 
grid voltage in the positive region would increase the num-
ber of electrons taken from the space charge and would also 
draw more and more electrons from the plate current. This 
would result in a nonlinearity at the top of the er i,, curve, 
as shown in the figure above. This is just as objectionable 
as the nonlinearity at the bottom of the curve. 

Q36. Bias determines the   
the tube. 

Q37. When the meters measure the voltages shown 
below, what is the bias? 

MI M2 BIAS 

0 +6 

—3 +3 

—6 0 

+ 

of 
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Your Answers Should Be: 

A36. Bias determines the operating point of the tube. 

A37. All of your answers should have been —6 volts. In 
each case, as you look from the grid to the cath-
ode, you are looking through 6 volts of potential. 
Thus, the grid must be 6 volts negative with re-
spect to the cathode. 

MULTIGRID TUBES 

As electronics advanced and became more complex, the 
design of the electron tube also progressed. Many of these 
advancements have resulted in a need for new kinds of 
diodes and triodes. Others have made it necessary to add 
other elements to the triode. 

Feedback in the Triode 

The elements of a triode act like capacitors. This effect is 
called interelectrode capacitance. The capacitances are very 
small, but at high frequencies they become quite obi ecticn-
able. This is especially true of the capacitance between the 
grid and plate (Cgp). 

C 9P 

c 
Pk 

TRIODE 

INTERELECTRODE 

CA el CIT4NCES 

In the circuit on the next page, some of the output signal 
from the triode plate is returned (fed back) to the input 
grid circuit through C.,. The nature of this feedback voltage 
is such that it tends to reduce the input signal on the grid 
(this is called negative feedback). The reasons for this 
negative feedback are demonstrated in the chapter on vac-
uum-tube amplifiers. At present it is enough to say that as 
the signal goes from grid to plate, it undergoes a phase shift 
of 180°. Thus, the signal fed back from the plate will be 
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going negative when the grid signal is going positive. The 
effect of this is to decrease the signal on the grid. 

EFFECTS OF GRID-PLATE CAPACITANCE 

FEEDBACK 
_L 
___t el) 

0.01 
VOLT 

0. 25 VOLT 
2.000 cps 

GAIN - 20 

I 
4.8 
VOLTS 

I 

Above you see a typical triode amplifier circuit. Later you 
will learn exactly how it operates, but for now observe the 
following. The input signal (0.25 volt peak-to-peak) is ap-
plied to the grid. Since the gain of the amplifier is 20, 
the output should be multiplied by that amount (0.25 x 20), 
resulting in an output of 5.0 volts at the plate. However, 
at a frequency of 2,000 cps the capacitive reactance of Cgi, 
is such that there is a feedback voltage of 0.01 volt. Since 
this is a negative feedback, it results in a reduction of the 
input signal (0.25 — 0.01 = 0.24). This signal is then multi-
plied by the amplification ( 0.24 X 20), resulting in an out-
put voltage of 4.8. Thus the gain of the amplifier is 4.8 
volts ÷ 0.25, or 19.2 instead of 20. (Of course, reducing the 
output voltage also reduces the feedback voltage slightly.) 
If the frequency of the input signal is increased to 20,000 
cps, would the gain of the triode increase or decrease? 

Q38. The capacitance between elements of a tube is 
called   

Q39. The most objectionable capacitance in a triode is 
the capacitance. 

Q40. Negative feedback   the gain of an 
amplifier. 
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A38. The capacitance between elements of a tube is 
called interelectrode capacitance. 

A39. The most objectionable capacitance in a triode is 
the grid-to-plate capacitance. 

A40. Negative feedback reduces the gain of an ampli-
fier. 

Feedback at Higher Frequencies 

The figure below shows the same circuit as before, but the 
input signal is at a higher frequency. Since the capacitive 
reactance of Cg,, decreases with the change in frequency, 
there is a greater feedback voltage. In this case it is 0.10 
volt. Subtracting 0.10 from 0.25 leaves an input signal of 
0.15 volt. Multiplying 0.15 volt by 20 gives an output signal 
of 3.0 volts. The gain is thus 3.0 0.25, or 12. 

EFFECTS OF 
GRID-PLATE 

FEEDBACK 

0.10 
VOLT 

O. 25 VOLT 

INPUT 

C9P 

CAPACITANCE AT A 

HIGHER FREQUENCY 

3,0 
VOLTS 

« OUTPUT 

BI - 

Tetrodes 

To prevent or reduce feedback, the grid-to-plate capaci-
tance must be decreased. To do this, another element is 
added between the grid and the plate. 

SCREEN GRID 

CONTROL GR I D _ _ _ _j 
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This element, called a screen grid, is similar in construc-
tion to the control grid. The screen grid introduces two 
capacitances in series—a capacitance between the plate and 
the screen grid and the capacitance between the screen grid 
and the control grid. As a result, the capacitance between 
the plate and the control grid is considerably reduced. The 
screen grid of the tetrode (so-called because of the addition 
of the fourth element) is wound with a very thin wire. The 
screen grid usually operates with a high positive voltage on 
it. This voltage is never higher than that on the plate. 

CURRENT FLOW IN A TETRODE CIRCUIT 

SCREEN-GRID 
CURRENT 

CATHODE 
CURRENT 

_t  

The voltage on the screen grid helps to pull electrons out 
of the space charge. Because of the thin, widely spaced 
wires, most of the electrons are not collected by the screen 
grid but pass through to the plate. Some of the electrons 
will be attracted to the screen grid, but its current is usually 
small compared to the plate current. The result of this new 
construction is a tube with high AC plate resistance. A high 
rp means that changes in plate voltage have little effect on 
the plate current. As a result, the tetrode has a high kt 
(in the order of 200 or 300 as opposed to 20 to 50 for a 
triode). In addition, the interelectrode capacitance is very 
low, and the tube is more suitable for high-frequency appli-
cations than a triode. 

Q41. The effects of grid-to-plate capacitance ( increase, 
decrease) as frequency increases. 

Q42. When capacitors are connected in series, the total 
capacitance is ( greater, less) than that of the 
smaller capacitor. 

Q43. The element added to the triode to make a tetrode 
is the  

B+ 
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A41. The effects of grid-to-plate capacitance increase 
as frequency increases. 

A42. When capacitors are connected in series, the total 
capacitance is less than that of the smaller 
capacitor. 

A43. The element added to the triode to make the 
tetrode is the screen grid. 

Pentodes 

The tetrode is a high-mu tube that can operate at high 
frequencies. But this type of tube presents another prob-
lem. Due to the extra grid operating at a high positive 
voltage, electron speed is increased. Some move so fast that 
they dislodge other electrons when they strike the plate. 
This is called secondary emission. Some of these extra elec-
trons are attracted to the screen grid. 

SECONDA R Y EMISSION 
NI 

• 
CATHODE 

SCREEN 
GRID 

4- 

PLATE 

When the screen-grid voltage is equal to or greater than 
the plate voltage, the amount of current drawn by the screen 
grid is enough to disturb the operation of the tube. This 
problem was solved by the development of the pentode. 
To prevent the screen grid from drawing too much current 

due to secondary emission, another element, also grid-like 
in construction, was added to the tetrode. Physically, this 
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extra element is placed between the screen grid and the 
plate; electrically, it is connected to either the cathode or 
to ground. As far as the plate is concerned, this element is 
negative. Electrons leaving the plate due to secondary emis-
sion are forced back to the plate by this negative element. 
Since this element helps suppress secondary emission, it is 
called the suppressor grid. 

ACTION OF A SUPPRESSOR GR!D 
SCREEN SUPPRESSOR 
GRID 

j 0 c'fri  

11 II 

PLATE 

The addition of the suppressor grid between the plate and 
screen grid also serves to reduce the interelectrode capaci-
tance between the plate and control grid still further. This 
results in a tube with even better high-frequency perform-
ance than the tetrode. Pentode amplification factors are in 
the order of 1,200 to 1,500 (as opposed to 200 or 300 for a 
tetrode). 

Q44. The release of electrons from the plate when it is 
struck by electrons from the cathode is called 

Q45. A   tube results when a third grid is 
added to a tetrode. 

Q46. The third grid in a pentode is called a 
  grid. 

Q47. The amplification factor of a pentode is ( higher, 
lower) than that of a triode or a tetrode. 

Q48. The suppressor grid of the pentode reduces 
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A44. The release of electrons from the plate when it is 
struck by electrons from the cathode is called 
secondary emission. 

A45. A pentode tube results when a third grid is added 
to a tetrode. 

A46. The third grid in a pentode is called a suppressor 
grid. 

A47. The amplification factor of a pentode is higher 
than that of a triode or a tetrode. 

A48. The suppressor grid of the pentode reduces sec-
ondary emission. 

WHAT YOU HAVE LEARNED 

1. A tube containing a cathode, control grid, and plate is 
a triode. 

2. The voltage on the control grid of a triode has a greater 
effect on plate current than does the plate voltage. 

3. A triode can be used to amplify signals. 

4. The control grid is usually operated negative with re-
spect to the cathode. 

5. There are three tube constants—amplification factor 
(e), AC plate resistance ( r,,), and transconductance 
(g...). 

6. Tube-constant values can be determined from graphs 
called tube characteristics. 

7. Tube manuals contain information about tubes. 

8. Bias is the difference of potential between the grid and 
cathode. It determines the operating point of the tube. 

9. The screen grid in a tetrode tube reduces undesirable 
grid-to-plate capacitance. 

10. ,u and ri, are higher for a tetrode than for a triode. 

11. The suppressor grid in a pentode reduces the effects of 
secondary emission. 

12. The amplification factor for a pentode is very high. 
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3 
Semiconductor 

Devices 

In this chapter the dif-
What You ference between N- and 

P•type semiconductor ma-
Will Learn terial is discussed. A semi-

conductor diode will be com-
pared with a vacuum-tube diode. You will learn the 
difference between forward and reverse bias. You will 
also learn about the elements of a transistor, and how 
transistors are used as amplifiers. Transistor charac-
teristic curves are also introduced. 

WHAT IS A SEMICONDUCTOR? 

Materials can be classed in three groups, according to 
their electrical properties—conductors, semiconductors, and 
insulators. Metals such as silver, copper, and aluminum have 
many free electrons. This makes it easy for current to flow 
through them. For this reason these metals are called 
conductors. 

Materials such as glass, rubber, and many plastics have 
practically no free electrons. This makes it very difficult for 
current to flow through them. These materials are known as 
insulators and are used in a variety of applications ranging 
from the covering on conductors to the dielectric in capac-
itors. 
Materials such as selenium, silicon, and germanium have 

some free electrons—more than an insulator but fewer than 
a conductor. These materials are generally referred to as 
semiconductors. 
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WHY SEMICONDUCTOR MATERIALS 
ARE IMPORTANT 

A diode made of semiconductor material is called a solid-
state diode. Semiconductor materials are also the basic 
ingredients of transistors. Solid-state diodes can replace 
vacuum-tube diodes, and transistors can replace vacuum-
tube triodes. Why is this important? Solid-state diodes and 
transistors are smaller, weigh less, and use less power than 
their vacuum-tube counterparts. They are also more rugged 
and last longer than vacuum tubes. In addition, they do not 
require a filament-supply voltage. 

TRANSISTORS ARE SMALLER THAN VACUUM TUBES 

MINIATURE 
„--3.--VACUUM TUBE 

TRANSISTOR 

How do solid-state diodes and transistors work? How can 
a solid substance maintain unidirectional current flow in the 
same manner as a vacuum-tube diode? How can a solid 
substance amplify like the triode? To answer these ques-
tions we must first go back and examine the basic building 
blocks of matter—atoms. 

MATTER, ELEMENTS, AND ATOMS 

Matter is defined as anything that has mass and occupies 
space. Air, water, books, and people are examples. Matter 
consists of one or more materials called elements. Elements 
are substances that cannot be divided into other substances. 
Copper, aluminum, silicon, and germanium are examples of 
elements. The smallest particle of an element is an atom, 
which has all the properties of the element and can take 
part in chemical reactions. 
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ALUMINUM 

The Aluminum Atom 

The aluminum atom has thirteen electrons circling in 
orbits around a nucleus of thirteen protons and fourteen 
neutrons. The negative charges on the thirteen electrons are 
exactly balanced by the positive charges on the thirteen 
protons. The three valence electrons in the outer shell, or 
ring, are loosely bound to the atom and are easily dislodged. 
These three loosely bound electrons are the reason why 
aluminum is a conductor. Aluminum has a valence of minus 
3. This means that aluminum easily gives up the three 

electrons in its outer ring. 

DIAGRAMS or ATOMS 

VALENCE VALENCE 
ELECTRONS ELECTRONS 

The Germanium Atom 

The nucleus of the germanium atom is larger than the 
aluminum nucleus. It has thirty-two protons and forty-one 
neutrons. There are thirty-two orbiting electrons, of which 
four are in the outer ring. These four electrons make ger-
manium a semiconductor. The germanium atom can either 
give up these electrons or take on four more to complete 
its outer ring. 

Ql. Copper is a(n)  . 

Q2. Glass is a(n)   

Q3. A conductor has many . 

Q4. Silicon is a(n)   

Q5. A substance that cannot be subdivided into other 
substances is called a(n)   

Q6. The electrons in the outer shell of an atom are 
known as electrons. 
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Al. Copper is a conductor. 

A2. Glass is an insulator. 

A3. A conductor has many free electrons. 

A4. Silicon is a semiconductor. 

A5. A substance that cannot be subdivided into other 
substances is called an element. 

A6. The electrons in the outer shell of an atom are 
known as valence electrons. 

GERMANIUM CRYSTALS 

The illustration below shows a typical arrangement of 
germanium atoms. Each germanium atom shares its four 
outer electrons with four of its neighbors. This sharing of 
electrons causes a bond which tends to keep the atoms 

GERMANIUM CRYSTAL LATTICE 

together. This electron-pair bond, called a covalent bond, is 
formed because each atom of germanium attempts to com-
plete a full count of eight electrons in its outer ring. When-
ever several cubic structures combine, the lattice-like effect 
becomes evident. A visible crystal of germanium is com-
posed of many millions of these basic crystal lattices. This 
crystalline germanium is electrically neutral. 
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INTRINSIC GERMANIUM 

The crystal just examined is an ideal crystal. It probably 
never exists in nature as such. Because of its purity, this 
crystal is called intrinsic—intrinsic germanium is free from 
impurities. Manufacturing intrinsic germanium is the first 
step in the production of solid-state diodes and transistors. 

Conduction in Intrinsic Germanium 

How do electrons flow in semiconductors ? The outer shells 
of the germanium atoms form covalent bonds, so these 
shared electrons are not easily dislodged to provide electric 
current. This is true of all semiconductors. The reason for 
current flow in semiconductors is the addition of energy to 
the material. This energy may be in the form of heat, light, 
or the application of an electric field, such as that due to a 
voltage. Notice that these properties differ for different 
semiconductors. When crystals of germanium are heated, 
for example, the energy level of one of the electrons in a 
covalent bond is raised. The electron frees itself from the 
bond and can wander through the crystal lattice. Such free 
electrons are then available for conduction when an electric 
field is applied. 

COVALENT BOND BROKEN BY HEAT 

FREE 
*-0 ELECTRON 

Q7. Germanium that is free from impurities is called 
 germanium. 

Q8. Germanium atoms are held together in a crystal 
by   

Q9. Conduction is produced in intrinsic germanium by 
the addition of  
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A7. Germanium that is free from impurities is called 
intrinsic germanium. 

A8. Germanium atoms are held together in a crystal 
by covalent bonds. 

A9. Conduction is produced in intrinsic germanium by 
the addition of energy. 

Electron Flow Through Intrinsic Germanium 

In the figure below you see a few covalent bonds of intrin-
sic germanium after the material has been heated. Elec-
trons have been liberated from each of the bonds shown. A 
positive voltage is applied to the germanium. Since an elec-
tron is missing from each of the bonds, there is, in effect, 
a positive charge at each covalent bond. This positive charge 
is called a hole. A free electron drifting in the direction of 
the applied positive voltage drifts from hole to hole until 
it finally reaches the positive voltage. 

ELECTRON FLOW THROUGH INTRINSIC 

VOLTAGE 
APPLIED 

ELECTRON 
FREED BY HEAT 

GERMANIUM 

HOLES " - 

e 
VOLTAGE 
APPLIED 

Hole Flow Through Intrinsic Germanium 

Examine the figure on the next page. For each of the four 
electrons in the outer ring of each atom, there is a corre-
sponding proton in the nucleus. When heat is applied ( 1), 
an electron is liberated and starts drifting toward the posi-
tive voltage. The electron leaves a hole which may be con-
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sidered to be positive. This hole attracts an electron from 
the next covalent bond ( 2), thus leaving a hole at that point. 
The effect of this is that the hole has moved from point 1 
to point 2. In a similar fashion the hole will move to points 
3, 4, and 5, and will eventually be filled by an electron from 
the applied-voltage source. As long as heat continues to 
liberate electrons at point 1, this action will continue. 

HOLE FLOW IN INTRINS 

GOVALEN1 
\BOND/ 

VOLTAGE 
APPLIED 

GERMANIUM 

HOLE 
FLOW 

• 

VOLTAGE 
APPLIED 

o 

HOLE 

Doping Intrinsic Germanium 

You have seen how electrons and holes flow through ger-
manium. This was done by adding heat to liberate electrons 
and create holes. An electric field was set up to control the 
direction of hole and electron flow (also called drift). How-
ever, for transistors and solid-state diodes, intrinsic ger-
manium is of little value. There is a more efficient way of 
causing conduction in germanium (or any semiconductor)— 
by adding impurities to the intrinsic material. This process 
is called doping. The type of impurity must be carefully 
selected and the amount accurately controlled. Accuracies 
up to one part in ten million are often required. 

Q10. The addition of controlled amounts of impurities 
to a semiconductor is called   

Q11. Current flow in a semiconductor consists of the 
movement of and  
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A10. The addition of controlled amounts of impurities 
to a semiconductor is called doping. 

All. Current flow in a semiconductor consists of the 
movement of electrons and holes. 

Types of Impurities 

Two types of impurities can be added to germanium. One 
type produces free electrons, and the other type produces 
holes. The electron-producing type of impurity is known as 
N-type (negative type) and the hole-producing type is known 
as P-type (positive type). 

N-TYPE GERMANIUM 

Examine the germanium in the figure below. Notice that 
the crystal is no longer intrinsic. An N-type impurity atom 
(arsenic) has replaced a germanium atom. Arsenic has five 

GERMANIUM DOPED WITH ARSENIC 

Itle--e e—e—e c> -41) 

G e 

electrons in its outer ring. Therefore it can combine with 
four electrons from an adjacent germanium atom. When 
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this covalent bond is established, an extra electron is left 
unpaired. This electron is loosely attached to the arsenic 
nucleus because the arsenic atom now has eight electrons 
in its outer ring. In order for this electron to free itself, 
it requires only one-seventieth of the energy needed to free 
an electron from a covalent bond. Because the arsenic has 
donated an electron to the crystal, it is called a donor atom. 
The crystal is called N-type germanium because of the 
presence of loosely bound negative electrons. The number 
of extra electrons or current carriers controls the resistance 
of a semiconductor material. Obviously, the more heavily 
doped materials contain more donor atoms and more extra 
electrons for conduction, and thus have a lower electrical 
resistance. 
When an electric field is applied to an N-type crystal, 

most of the electron flow is due to donor atoms. Some addi-
tional current flows due to the breaking of covalent bonds, 
but this is very minor. The amount of electron flow and hole 
flow due to breaking of covalent bonds will be equal. Since 

ELECTRONS AS MAJORITY CARRIERS 
N-TYPE GERMANIUM 

HOLE FLOW DUE TO BREAKING COVALENT BONDS 

10.--41 ELECTRON FLOW DUE TO BREAKING COVALENT BONDS F"e. 

ELECTRON FLOW DUE TO N-TYPE IMPURITIES 

mum 

most of the flow is due to donor electrons, they are called 
the majority carriers. The holes are called the minority 
carriers. 

Q12. The type of germanium containing an impurity 
that produces free electrons is called   
germanium. 

Q13. The free electrons in N-type germanium are called 
  carriers. 

Q14. Does hole flow equal electron flow in N-type ger-
manium? Why? 
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Al2. The type of germanium containing an impurity 
that produces free electrons is called N-type 
germanium. 

A13. The free electrons in N-type germanium are called 
majority carriers. 

A14. No. N-type germanium is made by adding an N-
type donor atom, such as arsenic (some others 
are antimony and boron), to the crystal. Most of 
the current flow in a crystal is due to loosely 
bound electrons from the donor atoms. 

P-TYPE GERMANIUM 

Suppose an aluminum atom replaced a germanium atom 
in a germanium crystal. Aluminum has three electrons in 
its outer ring. In the crystal, the aluminum atom combines 
with four germanium atoms. The aluminum atom estab-

GERMANIUM DOPED WITH ALUMINUM 

ALUMINUM 
ATOM 

lishes a covalent bond with three of its neighbors. In place 
of the fourth covalent bond there is a combination of an 
electron and a hole. This hole acts as a strong positive 
charge and tends to attract electrons from nearby covalent 
bonds. When an electron leaves a neighboring bond, it leaves 
a hole which is then filled by an electron from another 
covalent bond. Thus, holes wander through P-type germa-
nium just as electrons wander through N-type germanium. 
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Because the aluminum atom is capable of accepting an 
electron, it is called an acceptor atom. The crystal is known 
as P-type germanium because of the presence of positive 
holes. When an electric field is applied to the crystal, alumi-
num acceptor atoms accept more electrons to fill holes than 
are allowed to flow freely. Therefore the majority current 
carriers are holes, and the minority carriers are electrons. 
To sum up, N-type semiconductor material has extra elec-

trons donated by the impurity (donor) atom, while P-type 
semiconductor material has excess holes contributed by 
acceptor impurities. The more heavily the material is doped, 
the lower its electrical resistance will be. 

HOLES AS MAJORITY CARRIERS 
P-TYPE GERMANIUM 

ELECTRON FLOW DUE TO BREAKING COVALENT BONDS 

HOLE FLOW DUE TO BREAKING COVALENT BONDS   

HOLE FLOW DUE TO R-TYRE IMPURITIES 

THE TRANSISTOR 

In a sense, a transistor is a valve. It controls the flow 
of majority carriers through the semiconductor crystal of 
which it is made. The transistor can be compared to a 
triode. In fact, it is convenient to think of the transistor 
as a solid-state triode. 

Q15. The hole left by an electron has a   
charge. 

Q16. An electric field causes electrons to flow to the 
  terminal while holes flow to the 
 terminal. 

Q17. The majority carriers in P-type germanium are 
the  

Q18. P-type atoms are also called atoms. 

Q19. The transistor can be compared to a   
vacuum tube. 
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A15. The hole left by an electron has a positive charge. 

A16. An electric field causes electrons to flow to the 
positive terminal while holes flow to the negative 
terminal. 

A17. The majority carriers in P-type germanium are 
the holes. 

A18. P-type atoms are also called acceptor atoms. 

A19. The transistor can be compared to a triode vac-
uum tube. 

The symbols for the triode and the transistor can be com-
pared in the figure below. Each has three elements, one of 
which acts as a source of current. In the triode, this element 
is called the cathode ; in the transistor, this element is called 
an emitter. (The arrow in the symbol points in the direction 
of hole movement.) Both the transistor and triode vacuum 
tube have a control element. In the triode, it is called the 
grid, and in the transistor it is called the base. The tube and 
transistor each have a current collector, called the plate in 
the triode and the collector in the transistor. 

COMPARISON OF TRANSISTOR AND TRIODE TUBE 

PLATE 

GRID 

CATHODE 

COLLECTOR 

BASE 

- EMITTER 

In a similar fashion, a solid-state diode may be compared 
to a vacuum-tube diode. Here there are only two elements. 

COMPARISON 

OF DIODES 
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SEMICONDUCTOR DIODES 

Early radios used crystal diodes to detect radio signals. 
These diodes allowed current to flow in one direction but 
not in the other. This unidirectional current capability is 
the distinguishing feature of the diode. 
A solid-state diode consists of a section of P-type semi-

conductor material joined to an N-type section. The activity 

DIAGRAM OF A SOLID-STATE DIODE 

CONNECTION 
WIRE 

CONNECTION 
WIRE 

occurring at the junction of the materials is responsible for 
the unidirectional property of the diode. The contacting 
surface is called the PN junction. 

PN JUNCTION 

Although N-type germanium has an excess of free elec-
trons, it is electrically neutral. This is because each donor 
atom becomes positively charged when it gives up an elec-
tron. Thus, for every freed electron in the crystal there is 
a positively charged donor atom. Therefore the crystal is 
only negative in the sense that the freed electrons are the 
most mobile particles. 

Q20. The ability of a diode to conduct current in only 
one direction is called a   
capability. 

Q21. N-type germanium crystals are electrically 

Q22. When P- and N-type germanium are joined to-
gether, the contacting surface is called the 
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A20. The ability of a diode to conduct current in only 
one direction is called a unidirectional capability. 

A21. N-type germanium crystals are electrically neu-
tral. 

A22. When P- and N-type germanium are joined to-
gether the contacting surface is called the PN 
junction. 

Joining P- and N-Type Germanium 

Like N-type germanium, P-type germanium is also elec-
trically neutral. 

DOPED GERMANIUM IS ELECTRICALLY NEUTRAL 

N-TYPE GERMANIUM P-TYPE GERMANIUM 

DONOR FREE ACCEPTOR 
ATOM ELECTRON ATOM HOLE 

When N-type germanium and P-type germanium are 
joined, some electrons and holes combine at the junction. In 
the region of the junction, N-type germanium loses some of 
its electrons. Thus, it is no longer neutral in this area; it now 
has a positive charge. The electrons it loses combine with 
holes from the P-type germanium at the junction. Thus the 
P-type germanium becomes negative. The majority carriers 
have combined at the junction, leaving charged atoms (ions) 
in the area near the junction. A potential difference ( in the 
order of several tenths of a volt) exists between the N- and 
P-type germanium ions. If more electrons try to move from 
the N-type to the P-type, they are stopped by the negatively 
charged ions in the P-type germanium near the junction. In 
a similar fashion, holes from the P-type are prevented from 
crossing the junction by the buildup of positively charged 
ions in the N-type germanium near the junction. The net 
effect of this action is to set up a barrier voltage that pre-
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vents further combination of electrons and holes. The area 
in which this voltage exists is called the barrier region. 

ACTION IN A PN JUNCTION 

N-TYPE 
GERMANIUM 

COMBINED HOLES 
AND ELECTRONS 

IONS IONS 

BARRIER 
REGION 

P-TYPE 
GERMANIUM 

BARRIER VOLTAGE 

Reverse Bias 

You know that a diode passes current more readily in one 
direction than in the other. Let's consider the effect of the 
barrier region on current flow through a semiconductor 
diode. Suppose that the positive terminal of a battery is 
connected to the N-type germanium of a diode and the nega-
tive terminal to the P-type germanium. 

The positive terminal of the battery attracts electrons 
from the PN junction, and the negative terminal of the 
battery attracts holes from the PN junction. This results 
in more positive ions (donor atoms that have lost their free 
electrons) in the N-type germanium in the vicinity of the 
PN junction and more negative ions (acceptor atoms that 

Q23. The area at the junction is called the 

Q24. At the junction, N-type germanium is 
  charged. 

Q25. The   
prevents complete 

combination of all of the holes and electrons. 
Q26. The barrier voltage is in the order of 
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A23. The area at the junction is called the barrier 
region. 

A24. At the junction, N-type germanium is positively 
charged. 

A25. The barrier voltage prevents complete combina-
tion of all the holes and electrons. 

A26. The barrier voltage is in the order of tenths of a 
volt. 

have lost their holes) in the P-type germanium in the same 
area. This action creates a wider barrier region and results 

/  ,,---- 
_,_-,:-F„, e 

-1\ —+ 0 E ::1) e 

,' +  + /- , S(E-TI:p0 In'\ 

in a larger barrier voltage. The action continues until the 
barrier voltage equals the reverse bias (battery voltage). 
No current flows because these voltages are equal and oppo-
site. This condition is called equilibrium. 

Forward Bias 

Now suppose the battery leads are reversed. Instantly, 
electrons are attracted to the positive terminal of the bat-
tery. An electron flow is set up in the N-type germanium 
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and moves toward the PN junction. When an electron 
reaches the junction, it combines with a hole. The N-type 
germanium is now positive and may accept an electron from 
the negative battery terminal. Similarly, the P-type be-

FOR WA RD-BIASED DIODE 

N-TYPE GERMANIUM 

ELECTRON 
ENTERS 

FORWARD BIAS 

  I I 1±-

HOLE AND 
ELECTRON 

P-TYPE GERMANIUM COMBINE 

ELECTRON 
LEAVES 

comes negative when a hole combines with an electron at 
the barrier. Thus, it gives up an electron to the positive 
battery terminal. A solid-state diode symbol is shown below. 

DIODE 

SYMBOLS 

SYMBOLS 
COMPARED 

'Mtn MUM 
CURRENT FLOWIRIMMI> 

CR 1 

CATHODE 

SEMI CONDUCTOR 
D 10 DE 

N ANODE 
OR PLATE 

VACUUM-TUBE 
DIODE 

Q27. Equilibrium due to reverse bias occurs when the 
  voltage equals   voltage. 

Q28. Connect the diode 
to the battery so 
the diode is re-
verse-biased. 7; 

Q29. Conduction is due to — — — — flow in P-type germa-
nium and flow in N-type germanium. 
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A27. Equilibrium due to reverse bias occurs when the 
barrier voltage equals battery voltage. 

A28. For the diode to be reverse-biased, the positive 
terminal of the battery must be connected to the 
cathode, and the negative terminal of the battery 
must be connected to the anode. 

CATHODE 

ANODE 

A29. Conduction is due to hole flow in P-type germa-
nium and electron flow in N-type germanium. 

DIODE CHARACTERISTICS 

You have learned how a solid-state diode operates. Now 
some of its important characteristics will be examined. 
These are the current-voltage, resistance, temperature, and 
capacitance characteristics. 
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urrent-Voltage Relationships 

The graph on the opposite page shows the amount of cur-
ent that will flow through a typical diode when various 
oltages are applied. The positive-voltage region is the area 
which the diode is forward-biased. The reverse-bias 

egion is to the left of the origin. Remember that the diode 
rill not conduct in the reverse direction. This is true on 
he graph up to almost 40 volts of reverse bias. Above this 
alue, small currents in the order of a few microamps start 
flow. This current flow is due to the minority carriers. 

Vhen the reverse bias reaches about 45 volts there is a 
harp increase in reverse current. This is called avalanche 
reakdown. 

tesistance 

The resistance of solid-state diodes varies with the ap-
lied voltage. Resistance is high for low forward-bias volt-
ges and is low for high forward-bias voltages. For reverse 
jases, the resistance is very high until avalanche break-
own occurs. 

'emperature 

Solid-state diodes have a negative temperature coefficient. 
'his means that as the temperature increases, the resist-
nce of the diode decreases. Within certain limits the effects 
f resistance changes due to temperature change are not 
etrimental to the operation of the diode. However, when a 
ery high temperature is reached, the resistance of the 
iode decreases so much that the current through the diode 
lay be high enough to permanently damage the crystalline 
tructure. This action is called thermal runaway and pre-
ents a serious problem in circuit design. 

Q30. The condition in which the current through a 
reverse-biased, solid-state diode sharply increases 
is called   

Q31. The resistance of a solid-state diode varies with 
the  

Q32. Solid-state diodes have a   tempera-
ture coefficient. 
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A30. The condition in which the current through a 
reverse-biased, solid-state diode sharply increases 
is called avalanche breakdown. 

A31. The resistance of a solid-state diode varies with 
the applied voltage. 

A32. Solid-state diodes have a negative temperature 
coefficient. 

Capacitance 

Two conductors separated by a dielectric constitute a 
capacitor. Thus, a solid-state diode is a capacitor in which 
the barrier region serves as the dielectric. At low frequen-
cies the effects of this capacitance need not be considered. 
At high frequencies, however, this capacitance ( in the order 
of about 3 to 5 micromicrofarads) becomes an important 
factor. 

SEMICONDUCTOR-DIODE DATA 

Most electronic parts catalogs have several pages devoted 
to semiconductor diodes. An example of some of the data 
you will see in such a catalog is shown in the table below. 
Notice that diodes are designated 1N34, 1N58, etc. Just as 
with vacuum tubes, manufacturers have agreed to call diodes 
having the same characteristics by the same type number. 

SEMICONDUCTOR DIODE CHARACTERISTICS 

TYPE 
Peak 

Inverse 
Volts 

Ambient 
Temperature 
Range—°C 

Forward 
Peak 
ma 

CURRENT 
AVERAGE 

ma 

CAPACITANCE 
med 

1N34A 60 —50 to +75 150 50 1.0 

1N58A 100 —50 to +75 150 50 1.0 

The table shows some of the characteristics for the 1N34A 
and 1N58A. Peak inverse voltage (PIV) is the reverse bias 
at which avalanche breakdown occurs. The ambient temper-
ature range is that range of temperatures over which the 
diode will operate and still maintain its basic characteristics. 
Forward current values are given for both the average cur-
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rent ( that current at which the diode is usually operated) 
and the peak current (that current which, if exceeded, will 
damage the diode). The only difference between these two 
diodes is in the peak inverse voltage. Therefore the 1N34A 
could be substituted for the 1N58A in applications involving 
signals of less than 60 volts peak-to-peak. 

TRANSISTORS 

Understanding how the semiconductor PN junction oper-
ates was the first step in understanding how a transistor 
operates. As you will see, a transistor is a semiconductor 
device with two PN junctions. The two junctions are in the 
form of a sandwich made up of two types of material (N 
and P). This sandwich can form either an NPN or PNP 
transistor. 

NPN Transistors 

By sandwiching a very thin piece of P-type germanium 
between two slices of N-type germanium, an NPN transistor 
is formed. A transistor made in this way is called a junction 
transistor. The symbol for this type of transistor showing 
the three elements (emitter, base, and collector) is given 
below. The three elements correspond to the cathode, grid, 
and plate, respectively, of a vacuum-tube triode. 

NPN TRANSISTOR SYMBOL 

BASE 

I 

EMITTER 

/ 

COLLECTOR 

P-
N-TYPE N-TYPE 

TYPE 

N P N 

Q33. The capacitance of a solid-state diode must be con-
sidered at — — — — frequencies. 

Q34. The three elements of a transistor are the 
 • , and  • 
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A33. The capacitance of a solid-state diode must be 
considered at high frequencies. 

A34. The three elements of a transistor are the emitter, 
base, and collector. 

PNP Transistors 

By placing N-type germanium between two slices of P-
type germanium, a PNP junction transistor is formed. A 
PNP point-contact transistor can be made by fusing two 
"catwhiskers" to a large N-type base. 

PNP TRANSISTORS 

BASE 

COLLECTOR 

EMITTER 

JUNCT ION 
TRANSISTOR 

EMITTER 

PNP 

EMITTER COLLECTOR 
P-TYPE P-TYPE 

PNP 

BASE 

P-TYPE N TYPE 

POINT-
CONTACT 

TRANSI STOR 

COLLECTOR 
P-TYPE 

1 
BASE 

The symbol for the PNP transistor is almost identical to 
that of the NPN transistor. The only difference is the direc-
tion of the emitter arrow. In the NPN transistor it points 
away from the base, and in the PNP it points toward the 
base. Electrons always flow against the direction of the 
arrow. Electron flow is from N-type to P-type germanium. 
If the arrow points toward the base, the electron flow is in 
the opposite direction—from base to emitter. Thus, the 
emitter must be P-type germanium and the transistor is 
PNP. The reverse is true for NPN transistors. 
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TRANSISTOR OPERATION 

Several questions have probably come to mind by now 
How can a solid-state material amplify? Is there a differ 
ence between a junction and point-contact transistor 01 
between a PM' and an NPN transistor? One of these ques 
tions can be answered immediately. Junction and point. 
contact transistors are almost identical in operation. There 
fore, all discussion will be directed to junction transistors 
but it is understood that it applies to both types. 

Biasing 

The PN junction establishes a barrier voltage in solid 
state diodes. In the junction transistor, two such PN junc 
tions are established, each with its own barrier voltage. I: 
these PN junctions are properly biased, the transistor cat 
be made to operate as an amplifier. The proper method foi 
biasing an NPN transistor is discussed next. 

BIAS FOR NPN TRANSISTOR AMPLIFIER 
NPN 

EMITTER TRANSISTOR COLLECTOR 

EMITTER 
CURREN1 

COLLECTOR 
CURRENT 

The figure shows an NPN transistor biased properly t% 
operate as an amplifier. Addition of certain resistors (whicl 
you will see later) would complete the picture. 

Q35. A transistor is a single semiconductor crystal with 
— — _ PN junctions. 

Q36. A transistor can perform the same function as a 

Q37. P-type semiconductor material sandwiched be-
tween two pieces of N-type material forms an 
___ transistor. 
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A35. A transistor is a single semiconductor crystal 
with two PN junctions. 

A36. A transistor may perform the same function as a 
vacuum-tube triode. 

A37. P-type semiconductor material sandwiched be-
tween two pieces of N-type material forms an 
NPN transistor. 

In the arrangement on the preceding page, a forward bias 
is applied between the base and the emitter. This results in 
emitter current. A reverse bias is applied between the col-
lector and the base. This results in a flow of collector current 
that is nearly equal to the emitter current. The reason for 
this seeming contradiction is that the base is very thin—less 
than one-thousandth of an inch. 
Before continuing, it is time to learn a few more short-

hand notations used when referring to transistors: 

B—Base 
E—Emitter 
C—Collector 
Ih—Base current 
I,.—Emitter current 
I,—Collector current 
V,.1,—Voltage from emitter to base 
V,.,—Voltage from collector to base 

Note: 
these are all 

average values 

Current Flow in a Biased Transistor 

The figure on the next page shows the electron and hole 
flow in a biased NPN transistor. With the emitter-base 
junction forward biased, electrons in the emitter drift into 
the base to combine with the holes in the base. For each 
combination an electron enters the emitter from V 1,. At 
the same time, an electron leaves the base (creating another 
hole) and returns to V,.h. Thus there is electron flow in the 
emitter and hole flow in the base. 

Since the base-collector junction is reverse-biased, very 
little current will flow through it. This current is produced 
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by minority carriers—hole flow in the N-type collector ar 
electron flow in the P-type base—due to Y,.b. 
Why is I,. almost equal to I,.? Since the base is very thi 

there is not a sufficient number of holes in the base regic 
to combine with the large number of electrons coming fro] 
the emitter. These excess electrons pass through the Lea: 
Ind on to the collector due to the presence of V1.,,. The re; 
3on why these electrons are not stopped by the collector-ba: 
Darner voltage is that there is a strong positive voltas 
attracting them. This voltage is due to the series combin: 

CURRENT IN A BIASED NPN TRANSISTOR 

le 

N N 
EMITTER BASE COLLECTOR  

lc 
C 

11 
FORWARD BIAS 

— 111111 +  

tu 
REVERSE BIAS 

— -F 

Veb Vcb 

HOLE FLOW ) 7M777741 +  

ion of 171.,, and 171.,,. The major portion of I,, is due to th 
;lectron flow from emitter to collector. Notice that curren 
low in the base is due to both electron and hole flow. Thu: 

here are current flows indicated in both directions. I,, is th 
lifference between these two currents. 

Q38. The emitter-base junction of a transistor amplifier 
must be  biased and the collector-base 
junction must be biased. 

Q39. Under these conditions collector current is (equal 
to, slightly less than, more than) emitter current. 

Q40. This is explained by the fact that not enough 
 exist in the base to combine with all the 
 coming from the  

Q41. Identify the following shorthand notations: Ii„ 
L, Vebe and Vb. 

10: 



Your Answers Should Be: 

A38. The emitter-base junction must be forward-biased 
and the collector-base junction reverse-biased. 

A39. Under these conditions collector current is slightly 
less than emitter current. 

A40. This is explained by the fact that not enough 
holes exist in the base to combine with all the 
electrons coming from the emitter. 

A41. Ih—Base current 
I,—Collector current 
I,.—Emitter current All average 

V0,—Voltage from emitter to base values 
Vd,— Voltage from collector to base 

Biasing PNP Transistors 

The difference in operation between PNP and NPN tran-
sistors is that holes are the majority carriers in the PNP 
transistor. Proper bias for a PNP unit is achieved by using 
"negative" voltage polarities—just the opposite of those 
used for an NPN transistor. However, the bias between 
emitter and base is still forward bias and the bias between 
collector and base is still reverse bias. Since the emitter is 
P-type and the base is N-type germanium, a battery with its 
positive terminal connected to the emitter will forward-bias 

CURRENT IN A BIASED PNP TRANSISTOR 
N 

EMITTER BASE I COLLECTOR 

FORWARD BIAS 

÷ 

REVERSE BIAS 

+ 

Veb Vcb 

IC 

4-1 

HOLE FLOW ELECTRON FLOW 

the emitter-base junction. In a similar fashion, a battery 
whose negative terminal is connected to the P-type collector 
will reverse-bias the collector-base junction. 
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When so biased, the transistor conducts. The emitter, 
being a P-type semiconductor, releases holes to combine with 
electrons in the base. For each combination an electron in 
the emitter enters the positive terminal of the bias battery. 
This leaves a hole to migrate toward the base. At the same 
time, an electron from the negative terminal of the battery 
enters the base. Notice that electrons, and not holes, flow 
in the external circuit. 
Because the base is thin, many more emitter holes exist 

than base electrons. The excess holes are drawn to the nega-
tive battery terminal connected to the collector. 

HOW A TRANSISTOR AMPLIFIES 

Recall how the control grid in a vacuum-tube triode has 
a much greater control of plate current than the plate. A 
transistor is capable of amplification because of a similar 
arrangement. The base in the transistor acts to control 
current through the transistor in much the same fashion 
as the grid controls current in the triode. 

Consider another arrangement of the transistor. This 
arrangement is similar to the one showing a properly 
biased NPN transistor. The only difference is that the 

GROUNDED-EMITTER CIRCUIT 
E 

I e 

FORWARD BIAS 

VI) 

N 

REVERSE BIAS 

Vce 

reverse bias between collector and base is provided by V„ 
in series with but opposing V1,,, and Ve,. is large compared 
to V,„.. Thus, Ve, replaces Vet, in series with VIbe. This is 
called a grounded-emitter circuit. 

Q42. Bias polarities for a PNP transistor are the 
 of those for an NPN transistor. 

Q43. The base in a transistor has an action similar to 
the _ — — in a triode. 

tic 
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A42. Bias polarities for a PNP transistor are the oppo-
site of those for an NPN transistor. 

A43. The base in a transistor has an action similar to 
the grid in a triode. 

Triode Amplifier Versus Transistor Amplifier 

The grounded-emitter circuit mentioned on the previous 
page is the most common arrangement for a transistor 
amplifier. Let's compare it with the most common triode 
circuit, the grounded-cathode amplifier. You can see from 
the figure where this amplifier gets its name. 

BASIC AMPLIFIERS 

-I'll 
Eg _ Ep 

c, Ep 

A Eg 
VOLTAGE GAIN 

CURRENT 

GAIN 

FORMULA 

VOLTAGE 
GAIN 

FORMULA 

vbe = Vce 
Aic 

CURRENT GAIN - 
°Ib 

Compare the two circuits shown in the figure. The triode 
is composed of a cathode (K) that emits electrons; a plate, 
or anode, (P) that collects the electrons; and a grid (G) 
that controls the flow of electrons to the plate. The tran-
sistor is composed of an emitter (E) that supplies electrons, 
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collector ( C) that collects the electrons, and a base (B) 
hat controls the flow of electrons. The transistor base is 
ery thin, and the vacuum-tube grid has a fine-wire con-
truction. Each of these elements, therefore, allows accel-
rated electrons to pass through. However, each has great 
ontrol over the number of electrons that actually reach the 
ollector of electrons (the plate or collector). 
The gain of a triode is determined as follows. The change 
plate voltage necessary to produce a change in plate cur-

ent is compared with the change in grid voltage that pro-
uces the same change in plate current. In the transistor 
he forward bias (V1„.) serves the same function as the 
egative bias in the triode. Instead of a voltage gain, how-
ver, a current gain will be measured. The symbol for cur-
ent gain is the Greek letter p. To obtain this current gain, 
. and I, are recorded for a particular V,„.. V,„. is changed 
nd the new I,. and Ib recorded ( V,.,. is held constant). Cur-
ent gain is then calculated by dividing the change in I, by 
he change in Ib. p is often called he,.. 
Another parameter of the transistor (beta is a parameter 
ke mu in the triode tube) is alpha (a). Alpha is the ratio 
f the change in collector current to the corresponding 
hange in emitter current, when the collector voltage is 
onstant. Another symbol for a is hrb. It has been shown 
hat under most biasing methods the collector current is 
lightly less than the emitter current (due to the base draw-
lg some of the current from the emitter). Therefore the 
atio of SI,. and ¿SI,. must be less than one. For example, if 
he collector current changes 4.8 ma and the emitter cur-
ent changes 5 ma, then the base current must change 0.2 
la. Calculate alpha as follows: 

4.8 ma  
a — — 0.96 

sIe 5.0 ma 
Q44. A   transistor config-

uration corresponds to a grounded-cathode triode 
amplifier. 

Q45. The numerical value of alpha is 

Q46. If Ib is 100 p.a. when I, is 1.0 ma, and Ib is 50 pa 
when I„ is 0.5 ma, what is /3? 
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A44. A grounded-emitter transistor configuration cor-
responds to a grounded-cathode triode amplifier. 

A45. The numerical value of alpha is less than one. 

A46. 

àI. — 1.0 ma — 0.5 ma _ 0.5 ma _ 10 
' AI, 100ea — 50/La5011a 

Transistor Amplification 

How can a current gain of less than one result in ampli-
fication? The answer is that a power gain is realized. The 
reason for this can be found in the values of the input and 
output impedances (resistances) of the transistor. The input 
resistance of the forward-biased, emitter-base junction is 
low. The output impedance of the reverse-biased, collector-
base junction is very high. Consider the formula for power: 

P = I2R 

If you compare the input and output circuits of the tran-
sistor in terms of their power consumption, you will see. that 
there is a power gain. Consider a transistor with an emitter-
base resistance of 100 ohms and a collector-base resistance 
of about 1 megohm. Since the collector and emitter currents 
are very nearly the same, the difference in the power pro-
duced by each will depend largely on the resistance. Thus, 
the power in the collector circuit will be much larger than 
that in the emitter circuit. The transistor is capable of 
matching low-resistance circuits to high-resistance circuits 
and providing a power gain. It is this transfer of resistance 
that gives the transistor its name. Contracting transfer and 
resistor gives transistor. 

BASIC TRANSISTOR AMPLIFIERS 

NPN or PNP transistors can also be used as grounded-
collector and grounded-base amplifiers. The three basic 
transistor amplifiers can be compared with the three basic 
vacuum-tube amplifiers—the grounded-cathode, grounded-
grid, and grounded-plate. 
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omm on-, or Grounded-, Base Amplifier 
Shown below are an NPN, common-base amplifier and its 

iacuum-tube equivalent, the grounded-grid amplifier. The 
Dase and grid are grounded. The input signal is applied to 

COMPARISON OF AMPLIFIERS 
E 

INPUT 

f\} 
INPUT 

 o 

GROUNDED RASE 

OUTPUT 

OUTPUT 

GROUNDED GRID 

the emitter in the common-base circuit, and to the cathode 
in the grounded-grid circuit. The output signal is taken from 
the collector and the plate. The input and output signals of 
these amplifiers have the same polarity; that is, they are in 
phase. The common-base circuit is used mostly as a voltage 
amplifier. It has these characteristics: 

1. The input impedance is low, about 60 to 100 ohms. 

2. The output impedance is high, about 0.5 to 1.0 megohm. 

3. Current gain is less than one. 

4. Voltage gain is medium, about 150. 

5. Power gain is medium, about 450. 

6. No phase reversal occurs. 

Q47. Phase shift in a grounded-base amplifier is _ — — — . 

Q48. The voltage gain in a grounded-base amplifier is 

Q49. In a grounded-base amplifier, the input impedance 
is — — — , and the output impedance is — — — — . 
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A47. Phase shift in a grounded-base amplifier is zero. 

A48. The voltage gain in a grounded-base amplifier is 
medium. 

A49. In a grounded-base amplifier, the input impedance 
is low, and the output impedance is high. 

Common-, or Grounded-, Emitter Amplifier 

The figure below shows a common-emitter amplifier and its 
vacuum-tube equivalent, the grounded-cathode amplifier. 
The emitter and cathode are grounded. The input signal is 
applied to the base and the grid, respectively, and the ampli-
fied output is taken from the collector and the plate, respec-

COMPARISON OF AMPLIFIERS 

f\, 
INPUT 

% 
INPUT 

C 

OUTPUT 

GROUNDED EMITTER 

OUTPUT 

A 

V 

1 
V 

_ GROUNDED CATHODE 

tively. A phase reversal of 180° occurs between the input 
and the output. This phase reversal will be explained in the 
chapter on triode amplifiers. The common-emitter amplifier 
has these characteristics: 

1. Input impedance is low, about 700 to 1,000 ohms. 

2. Output impedance is high, about 50,000 ohms. 
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3. Current gain is about 50. 

4. Voltage gain is high, about 500. 

5. Power gain is very high, about 800. 

6. Phase reversal occurs. 

Common-, or Grounded-, Collector Amplifier 

The figure shows a common-collector amplifier and its 
vacuum-tube equivalent, the grounded-plate amplifier. Notice 
that the collector and plate are not at DC ground, but at AC 
ground, due to the large capacitor bypassing the battery. 
The input signal is applied to the base and grid, respectively. 

COMPARISON OF AMPLIFIERS 

% 
INPUT 

% 
INPUT 

OUTPUT 

GROUNDED COLLECTOR 

OUTPUT 

GROUNDED PLATE 

The output signal is taken from the emitter and cathode, 
respectively. This circuit is also called an emitter follower, 
and its equivalent is called a cathode follower. The charac-
teristics of the emitter-follower amplifier are summarized 
on the next page. 

Q50. A common-emitter amplifier produces a phase shift 
of _ 

Q51. The voltage gain of a common-emitter amplifier is 

% 
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A50. A common-emitter amplifier produces a phase 
shift of 180°. 

A51. The voltage gain of a common-emitter amplifier 
is high. 

Emitter-Follower Characteristics 

The gain of an emitter-follower and a cathode-follower cir-
cuit is always less than one. These circuits are usually used 
to match impedances between two circuits. The common-
collector amplifier has these characteristics: 

1. Input impedance is very high, about 300K to 600K. 

2. Output impedance is low, about 100 ohms. 

3. Current gain is about 50. 

4. Voltage gain is less than 1. 

5. Power gain is low, about —250. (The negative sign 
means that power is consumed by FL.) 

6. No phase reversal occurs. 

TRANSISTOR CHARACTERISTICS 

The performance of transistors, like solid-state diodes, is 
affected by temperature. A change in temperature varies 
the junction resistance. From the study of diodes you 
learned that the PN junction has a negative temperature 
coefficient. This changes the junction bias and the current 
flow across the junction and therefore affects transistor per-
formance. For this reason, manufacturers list operating 
temperatures for their transistors. 

TRANSISTOR CHARACTERISTIC CURVES 

Do you remember how to obtain information from the 
family of curves associated with the vacuum-tube amplifier? 
Transistors have similar curves. The figure shows the fam-
ily of curves for both a pentode amplifier and an NPN-type 
transistor connected as a common-emitter amplifier. Notice 
the correspondence between I„ and L., E„ and Ve, and Eg and 
Ib. 
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p52. The emitter follower is best used for what pur-
pose? 

p53. The common-base circuit is most used as a 

 • 
p54. The   circuit may best be 

used as a power amplifier. 

155. Use the Vet curves to obtain beta. 
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Your Answers Should Be: 

A52. The emitter follower is best used to match high-
impedance circuits to low-impedance circuits. 

A53. The common-base circuit is most used as a voltage 
amplifier. 

A54. The common-emitter circuit may be used as a 
power amplifier. 

A55. 

COLLECTOR VOLTS -V, 

19 — 12 ma 7 ma 

V, . I, 

CHARACTERISTIC 
CURVES 

BASE 
-0 2 CURRENT 

lb ( ma) 

àI, 
)3 = — — — 70 

AL, 0.2 — 0.1 ma 0.1 ma 

Notice that this method is almost identical to the 
method used to obtain parameters from vacuum-
tube curves. 

TRANSISTOR SPECIFICATION SHEETS 

Most transistor manufacturers present transistor infor-
mation on specification sheets. These sheets are the equiva-
lent of a tube manual. The figure on the next page shows 
some of the typical data supplied. 
Each manufacturer selects some of his own special elec-

trical specifications for presentation on these data sheets. 
However, many of them are alike for various manufacturers. 
Notice that the temperature at which these specifications 
were obtained is mentioned. Many of these specifications 
differ at other temperatures. The maximum values listed 
are limiting values. Above these values transistor life and 
performance are impaired. 
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TYPICAL TRANSISTOR DATA SHEET 
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Q56. Transistor data sheets give   and 

  specifications. 
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Your Answer Should Be: 

A56. Transistor data sheets give electrical and mechan-
ical specifications. 

WHAT YOU HAVE LEARNED 

1. Semiconductors are materials that are neither good 
conductors nor acceptable insulators. 

2. Transistors and solid-state diodes replace vacuum tubes 
because they are smaller, weigh less, are more rugged, 
use less power, and have a longer useful life. 

3. Intrinsic germanium has no impurities. 

4. When an electron leaves a covalent bond, the space it 
leaves is called a hole. 

5. Holes behave as though they were positively charged 
particles. 

6. Adding impurities to intrinsic semiconductors is known 
as doping. In a semiconductor doped with N-type im-
( purities, the electrons serve as majority current car-
riers. In a semiconductor doped with P-type impurities, 
the holes serve as the majority current carriers. 

7. The PN junction establishes a barrier region that pre-
vents recombination of holes and electrons. 

8. Current flows through a forward-biased PN junction 
but not through a reverse-biased PN junction. 

9. Transistors function like valves to amplify signals. 

10. The emitter, base, and collector of a transistor corre-
spond to the cathode, grid, and plate of a triode tube. 

11. The collector-base junction must be reverse-biased. The 
base of the transistor is very thin, so there aren't 
enough majority carriers in the base to combine with 
the majority carriers in the emitter. The excess major-
ity carriers are drawn to the collector by the voltage 
connected to the collector terminal. 

12. Transistor current gain (measured from collector to 
base) is called beta (#) and may be quite large. Another 
current gain (measured from emitter to collector) is 
called alpha (a) and is usually less than one. 
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4 

Power Supplies 

In this chapter you will 
What You learn how diodes are used 

to change AC to pulsating 
Will Learn DC. You will learn how fil-

ters are used to provide DC 
that is free from the variations of the original AC. You 
will also learn how regulated power supplies provide 
nearly constant DC output. 

PURPOSE OF A POWER SUPPLY 

Some source of electrical power is required for the opera-
tion of all electronic equipment. This can be a prime power 
source such as a battery or a generator. Most electronic 
equipment, however, cannot make direct use of prime powet 
sources. For such equipment it is necessary to convert th( 
output of a prime power source into an electrical form suit. 
able for the particular piece of equipment. The devices used 
to do this are known as power supplies. 

COMPONENTS OF A DC POWER SUPPLY 

The components of a DC power supply are the voltag( 
control, the rectifier, and the filter. The voltage contro: 
serves to adjust the output of the power supply so that il 
is correct for the circuits that the power supply feeds. Th( 
rectifier serves to change the AC voltage into a pulsating 
DC voltage. (A rectifier may be a vacuum-tube diode, 
semiconductor diode, or a metallic-oxide rectifier.) The filtei 
changes the pulsating DC into a smooth DC. 
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COMPONENTS OF A DC POWER SUPPLY 

The basic functions of a power supply are to rectify and 
filter. The voltage-control function is actually incidental to 
the operation of the power supply. Once you learn to sep-
arate the rectifier and filter circuits from the power supply, 
you will see that the leftover components are in the voltage-
control portion. 

THE RECTIFICATION PRINCIPLE 

The rectification principle is very simple. If it is desired 
to change an AC voltage to a pulsating DC voltage, a unidi-
rectional current-control device must be used. The diode is 
such a device. Any device that accomplishes this result is 
called a rectifier. 

RECTIFICATION PRINCIPLE 
CURRENT 

+ 

-Jr 
- 

UNIDIRECTIONAL 

CURRENT 

CONTROL 

10,_ LOAD 

This simple principle is shown above. An AC voltage is 
applied to a unidirectional current-control device. Current 
flows only during the positive portions of the input signal. 
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The output voltage is therefore composed of only the posi-
tive portions of the input. This output is called pulsating 

DC. 
The two most common rectifiers in use are the full-wave 

and half-wave. The differences between the two are obvious 
from the figure. When an AC voltage is applied to a half-
wave rectifier, only half of each cycle is made available to 
the load. You will see later that not only is this type of 
rectification inefficient, but it also makes it more difficult 
to obtain the pure DC voltages required by some electronic 
circuits. 

TYPES OF RECT:FIERS 

o 

When AC voltage is applied to a full-wave rectifier, the 
load receives current during both half cycles. Notice that 
the negative half cycles have been inverted so that all the 
half cycles are positive at the output of the rectifier. This 
type of pulsating DC is much easier to smooth (filter) than 
the output of the half-wave rectifier. Thus, smaller and less 
expensive components can be used in the filter section. 

Ql. An AC voltage is converted into a DC voltage by a 

Q2. The two major functions of a power supply are to 
 and  

Q3. The component of a power supply that changes AC 
voltage to a pulsating DC voltage is the 

Q4. The component of a power supply that smooths out 
pulsating DC into almost pure DC is the  
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Your Answers Should Be: 

Al. An AC voltage is converted into a DC voltage by a 
rectifier. 

A2. The two major functions of a power supply are to 
rectify and filter. 

A3. The component of a power supply that changes AC 
voltage to pulsating DC is the rectifier. 

A4. The component of a power supply that smooths out 
pulsating DC to become almost pure DC is the filter. 

FILTERING ACTION 

The function of the filter is to smooth out the pulsating 
DC and provide an almost pure DC. You can see in the 
figure that the actual output is not quite pure DC. The 
amplitude of the ripple is the factor that determines how 

f//TER derION 
OUTPUT OF 
HALF-WAVE 

  ARECTIFIER 

° 111111,4 

PULSATING DC,ITH 
DC RIPPLE 

1388(3 FILTER 

OUTPUT OF 
FULL-WAVE 
RECTIFIER 

close the output is to DC. The higher the amplitude of the 
ripple voltage, the farther the output is from DC. 

VOLTAGE CONTROLS 

Several types types of voltage controls are used in power sup-
plies. The figure on the next page shows the locations they 
may have in a power supply. The types of voltage control 
can be roughly divided into two classes—automatic and 
manual. Either type serves the same function, to supply 
the correct voltage to the load. 
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The voltage control used at point 1 is the power trans 
former. It may be some sort of variable transformer tha 
can be manually controlled to provide the desired outpu 
voltage. Or it may be a power transformer with severa 
windings, each of which provides a different voltage. 

CONTROL CIRCUIT LOCATIONS 

AC 

VOLTAGE 
CONTROL 

LOAD 
DC 

The power transformer in the figure below has an inpu 
winding (1 and 2), a 5-volt filament winding (5 and 6) fo] 
the rectifier, a 6.3-volt filament winding (7 and 8) for thg 
vacuum tubes in the equipment, and two step-up voltagg 
windings to supply voltage to the rest of the load. One o: 

0 
117 VAC 

.1 lion He Th. 1\ foul' En 

150 VAC 

Oc) 

5VAC 

100VAC 

0 200 VAC 

100VAC 

these windings (3 and 4) provides 150 volts AC, and thg 
other (9, 10, and 11) provides 200 volts AC with a cente] 
tap. The use of this center tap will be explained later. 

Q5. The function of a filter is to pulsating DC. 

Q6. Voltage controls can be either   or 
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LINE 
VOLTAGE 
CHANGES 

Your Answers Should Be: 

A5. The function of a filter is to smooth pulsating DC. 

A6. Voltage controls can be either automatic or manual. 

The type of voltage control used at point 2 (see the figure 
near the top of the preceding page) is capable of making 
automatic voltage changes. This is accomplished by using 
various types of rectifier circuits that may double, triple, 
or even quadruple the input voltage. 
The type of voltage control used at point 3 can vary the 

output voltage either automatically or manually, and is 
called a regulator circuit. Its main function is to maintain a 
steady output voltage from the power supply. A power sup-
ply using a regulator is called a regulated power supply. 

UNREGULATED POWER-SUPPLY ACTION 

o  

115 VAC 
UNREGULATED 

POWER 
SUPPLY 

 o 

140V DC 

120VAC 
UNREGULATED 

POWER 
SUPPLY 

OUTPUT 
VOLTAGE 
CHANGES 

150VDC 

The figure shows an unregulated power supply fed- by a 
line voltage of 115 volts AC. It provides an output voltage 
of 140 volts DC to its load. Now suppose the line voltage 
changes to 120 volts AC. 
When there is an increase in the line voltage, there is an 

increase in the output voltage. In the figure it happens to 
be an increase of 10 volts DC. Many electronic circuits are 
not affected by this much change. Others are affected only 
slightly. However, many circuits are disturbed considerably 
by this type of change, and a voltage regulator must be 
used to correct it. 
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LINE 
VOLTAGE 
CHANGES 

The power supply below has a voltage regulator. When 
he line voltage increases 5 volts, the output voltage remains 
Lt 140 volts DC. Changes in the load current will also change 
he output of a power supply. Voltage regulators are de-

RE.WIATED POWER-SUPPLY ACTION 

115 VAC 
REGULATED 
POWER 
SUPPLY 

120VAC 

o  

REGULATED 
POWER 
SUPPLY 

 o 

140VDC 

NO CHANGE 
IN OUTPUT 
VOLTAGE 

140VDC 

 o 

igned to prevent changes under these conditions as well. 
qotice that many voltage regulators can be manually con 
rolled, incorporating an adjustment used for selecting a 
)articular voltage output. 

VACUUM-TUBE AND SEMICONDUCTOR RECTIFIERS 

A diode is sensitive to the polarity of an applied voltage 
positive voltage applied to the plate, or anode, causes a 

liode to conduct readily, while a negative voltage applied 
u the same point results in no conduction ( in the case oi 
,he vacuum diode) or very slight conduction (in the cast 
)f a semiconductor). It is this unidirectional property that 
nakes a diode useful as a rectifier. 

Q7. In an unregulated power supply, the output voltage 
 when the input voltage changes. 

Q8. The output voltage of an unregulated power supply 
(changes, does not change) when the load current 
changes. 

Q9. A is used to keep the 
output voltage of a power supply constant. 

Q10. A diode conducts only when its plate, or anode, is 
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Your Answers Should Be: 

A7. In an unregulated power supply, the output volt-
age changes when the input voltage changes. 

A8. The output voltage of an unregulated power sup-
ply changes when the load current changes. 

A9. A voltage regulator is used to keep the output 
voltage of a power supply constant. 

A10. A diode conducts only when its plate, or anode, is 
positive. 

Half-Wave Rectifier Circuits 

A half-wave rectifier converts an AC voltage into a pul-
sating DC voltage. It does this by removing either the posi-
tive or negative half cycles from the input voltage. In other 
words, only half of each sine-wave cycle is used to provide 
power to the load. It can readily be seen that this type of 
supply is relatively inefficient. 

HALF-WAVE RECTIFIER 
CR1 

- 

LOAD RESISTOR 

= 
Above is a typical half-wave rectifier with a power trans-

former in the input. Notice the dots at the top of each 
winding of T1. These dots indicate that the transformer is 
wound in such a fashion that the voltages at the ends of 
the windings marked with the dots are in phase with each 
other; when the top of the primary is positive, the top of 
the secondary is also positive. 
When the positive half cycle of the input voltage is 

applied to the primary winding of T1, there is a positive 
voltage applied to the anode of semiconductor CR1, causing 
it to be forward-biased. CR, then conducts, causing a cur-
rent flow and a voltage drop across the load resistor (111). 
During the negative half cycle, CR, is reverse-biased and 
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rery little current flows. There is very little voltage dropped 

Icross RI, during this half cycle. 
A half-wave rectifier can also be made using a vacuum-

tube diode. Such a circuit is shown in the figure below. The 
small secondary winding is a filament winding to supply 
heating current to the filament of VI. (Notice that this 
winding was not needed for the semiconductor diode on the 
previous page.) Observe the negative voltage output shown 
in the figure. This is obtained by connecting the diode so 
that it permits current to flow down through the load 
resistor (R1.). Therefore, the diode plate is connected to the 
top of RI.. The bottom of Rd, is connected to the bottom of 
T1, and the cathode of VI is connected to the top of T1. The 
diode could just as easily be connected in the reverse direc-

tion to give the opposite polarity. 

HALF-WAVE VACUUM-TUBE RECTIFIER 
FILAMENT 

11 VVINDING 

117 
VAC 

In its operation, this circuit is very similar to the semi-
conductor half-wave rectifier. On the positive half cycles, a 
positive voltage is applied to the cathode of the diode, and 
the diode will not conduct. On the negative half cycles a 
negative voltage is applied to the cathode, and the diode 
does conduct. Current flows down through RL, producing an 

output of the polarity shown. Thus. only negative half cycles 

appear at the output. 
Q11. A half-wave rectifier passes current to the load 

during (one half, both halves) of each cycle of 

applied voltage. 
Q12. A half-wave rectifier can be made using a 
 or  diode. 

Q13. Output-voltage polarity depends on the connections 

to the  
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Your Answers Should Be: 

All. A half-wave rectifier passes current to the load 
during one half of each cycle of applied voltage. 

Al2. A half-wave rectifier can be made using a semi-
conductor or vacuum-tube diode. 

A13. Output-voltage polarity depends on the connec-
tions to the diode. 

Full-Wave Rectifier Circuits 

A full-wave rectifier differs from a half-wave rectifier in 
that it utilizes both halves of the input-voltage cycles for its 
pulsating DC output voltage. Such a rectifier is shown in 
the figure below. 

FULL-WAVE RECTIFIER (POSITIVE HALF CYCLE) 

V\J 
8  f\ 

Two diodes are employed in this circuit. A special trans-
former is used with its center tap connected to one side of 
It, and to ground. When the dot side of T, is positive with 
respect to the center tap, V1 will conduct. The plate of V. 
is connected to the other end of T1, which is negative with 
respect to the center tap. Thus Vo will not conduct. The 
output of the circuit is as shown in the figure. Compare this 
output with that of the half-wave rectifier. 
On the negative half cycle, the top of T1 is negative with 

respect to the center tap, so VI will not conduct. The bot-
tom of T, is positive with respect to the center tap, and Vo 
will now conduct. Notice the direction of current flow— 
through Vo, to the bottom of T1, out of the center tap, up 
through 11,,, and back to the cathode of V.. Current flows 
through RI, in the same direction as it did for the positive 
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half cycle. This results in the output half cycles all being 
positive. The effect is just like passing the positive half 
cycles and inverting the negative half cycles. The result is 
the waveform shown in the figure. 

FULL-WAVE RECTIFIER (NEGATIVE HALF CYCLE) 

CO 

HALF CYCLES 
vi CONDUCTED 

BY VI 

HALF CYCLES 
CONDUCTED 

BY V2 

Notice the difference between the pulsating DC from a 
half-wave rectifier and from a full-wave rectifier. The varia-
tion in the output from the half-wave rectifier has half the 
frequency of the variation from the full-wave rectifier. 
A full-wave rectifier can, of course, be made using semi-

conductor diodes. The circuit below shows this. Although 
the position of RL on the diagram has been changed, the 
circuit is still the same. 

It LL-WAVE SEMICONDU TOR RECTIFIER 

T1 
CR 

RL 

CR2 

Q14. A full-wave rectifier uses a transformer with a 
 secondary. 

Q15. A full-wave rectifier conducts during (one half, 
both halves) of the applied-voltage cycle. 
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Your Answers Should Be: 

A14. A full-wave rectifier uses a transformer with a 
center-tapped secondary. 

A15. A full-wave rectifier conducts during both halves 

of the applied-voltage cycle. 

Bridge Rectifier Circuit 
There is a type of full-wave rectifier circuit that does not 

require a transformer with a center tap. Instead, it uses 
four diodes. This circuit is called a bridge rectifier circuit. 

BRIDGE RECTIFIER (POSITIVE HALF CYCLE) 

Simma 

RL 0  A A 

On the positive half cycle, current flows through CR3, up 
through the load resistor, and back through CR1. CRo and 
CR, are reverse-biased and act like open switches. 

BRIDGE RECTIFIER (NEGATIVE HALF CYCLE) 

elm 
CONDUCTED 

BY CR 3 & CR 1 

CONDUCTED 
BY CR2 & OR4 

The figure above shows the current direction for the nega-

tive half cycle. 
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L- SECTION 
FILTERS 

The bridge rectifier is usually used in power supplies that 
must deliver a large amount of current. Since the usual 
semiconductor diodes are not adequate to carry these large 
currents, special selenium or copper-oxide metallic rectifiers 
are usually used. 

FILTERS 

The filter is the section of a power supply that smooths 
the pulsating DC to make it almost pure DC. The types of 
filters most commonly used are shown below. As you see, 
filters are simply circuits made up of resistors, capacitors, 
and inductors in various combinations. The operation of 
filters depends on the ways that L, C, and R affect changing 
voltages and currents. 

FILTER CIRCUITS AND COMPONENTS 

CAPACITIVE 
FILTERS 

SCHEMATICS 

n-SECTION 
FILTERS 

tQi 
CHOKES 

Q16. A bridge rectifier is a type of ( full-wave, half-
wave) rectifier. 

Q17. What are the three types of filters most commonly 
used? 

129 



Your Answers Should Be: 

A16. A bridge rectifier is a type of full-wave rectifier. 

A17. The three types of filters most commonly used are 
the: 1. capacitive filter, 2. L-section filter, and 3. 
ir (pi)-section filter. 

The Capacitive Filter 

Basically, the capacitive filter is simply a capacitor con-
nected in parallel with the load resistance. As the pulsating 
DC voltage from a half-wave or full-wave rectifier is applied 
across the capacitor, it charges to the peak applied voltage. 
If there were no load resistance connected across the output, 
the capacitor would remain charged to the peak voltage. 

CAPACITIVE FILTER ACTION 

o 
INPUT FROM 
HALF-WAVE 
RECTIFIER 

CHARGE 
CURRENT 

DISCHARGE 
CURRENT 

0 
OUTPUT TO 

LOAD 

In practice, there is always a load resistance connected 
across the capacitor. Between peaks, the capacitor dis-
charges through the load resistance, and the voltage grad-
ually decreases. The amount the voltage decreases before 
the capacitor is charged again by a peak in the pulsating 
DC is called ripple voltage. 
The amount of capacitor discharge between voltage peaks 

is controlled by the RC time constant of the filter capacitor 
and the load resistance. If the load resistance is large and 
the capacitance is large, the ripple voltage is small; the 
pulsating DC has been smoothed out until it is almost a 
pure, constant DC voltage. 

Variations in the output voltage are not desirable because 
they affect the operation of vacuum-tube or transistor cir-
cuits receiving the DC. The increased ripple voltage caused 
by reduced load resistance is one undesirable feature of the 
capacitive filter. 
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A second undesirable feature of a capacitive filter is the 
large charging current. This excessive current flows into 
the capacitor to charge it when the power supply is first 
turned on. This initial current is often called a surge cur-

CAPACITIVE FILTER CHARGE AND DISCHARGE 

DISCHARGE 

RIPPLE 4 
VOLTAGE - 71  

CHARGE 

rent. Over a period of time, surge currents can cause injury 
to fuses and rectifiers, resulting in eventual burnout. Each 

surge current can cause part of a fuse to melt slightly, for 

example, until it finally burns out. The same thing can 
happen to the rectifier. A small surge of current flows 
through the rectifier during each cycle to recharge the par-
tially discharged capacitor. Under certain conditions these 

charging surges can become large enough to damage a diode. 
The remaining two types of filters have components to reduce 
the effect of ripple-voltage variations and surge currents. 

Q18. What will happen to the RC time constant of the 
capacitor and load resistance if the load resistance 
is decreased? 

Q19. If the load resistance is decreased, the filter capac-
itor will discharge (more, less) rapidly. 

Q20. What will happen to the amount of ripple voltage 
if the load resistance is decreased? 

Q21. The large current that flows for a short time 
to charge the capacitor is called a(n)   

Q22. If a load resistance is not connected across the 

filter capacitor, what will happen to the output 
voltage? 
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Your Answers Should Be: 

A18. If R, is decreased, the RC time constant will be 
shorter. 

A19. If the load resistance is decreased, the filter capac-
itor will discharge more rapidly. 

A20. The amount of the ripple voltage increases as the 
load resistance of a capacitive filter is decreased. 

A21. The large current that flows for a short time to 
charge the capacitor is called a surge current. 

A22. If a load resistance is not connected across the 
filter capacitor, the capacitor will charge to the 
peak value of the filter input voltage and the out-
out voltage will remain at this value. 

L-Section Filters 

An L-section filter reduces surge currents by using a cur-
rent-limiting resistor or inductor. This limiting resistor or 
inductor is connected in series with the capacitor. A limit-
ing resistor controls surge currents by introducing an RC 

rmri-eritn.  

time constant to slow the charging of the capacitor. 
When an inductor is used as the series element, the surge 

currents are reduced in a different manner. The inductor 
opposes a change in current by creating a counter emf. As 
a result, the surge current is greatly reduced and the 
capacitor charges more slowly. 
An inductor used in an L-section filter also adds to the 

filtering action of the capacitor. The inductor reacts to 
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changes in current caused by the ripple voltage the same 
way it reacts to the surge current. The counter emf tends 
to cancel out the effects of the ripple voltage. 
The operation of the L-section filter can also be explained 

in terms of reactance. In a simple capacitive filter, and in 
an L-section filter with a limiting resistor, the filtering 
action is the result only of the reactance of the capacitor 
(X,). The capacitor presents a low reactance to AC and a 
very high reactance to DC. The AC part of the input is 
therefore bypassed through the capacitor, but the DC part 
goes directly to the load. 

L-SECTION FILTER WITH SERIES INDUCTOR 

o  o 

To understand the L-section filter with an inductor, the 
reactance of the inductor must also be considered. The react-
ance is high for AC, but it is nonexistent for DC. The 
inductor presents a high reactance to the AC current pro-
duced by the ripple voltage. The inductor therefore tends 
to block this current. It presents zero reactance to the DC 
and allows it to pass readily. The AC that is not blocked 
by the inductor is mostly bypassed by the capacitor. 

Q23. In an L-section filter, AC ripple can be blocked by 
a(n)   

Q24. In an L-section filter, AC ripple can be bypassed 
by a(n)  

Q25. An L-section filter with a limiting resistor is 
(more, less) effective than one with an inductor. 

Q26. An inductor has a   reactance for AC 
than for DC. 
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Your Answers Should Be: 

A23. In an L-section filter, AC ripple voltages can be 
blocked by an inductor. 

A24. In an L-section filter, AC ripple voltages can be 
bypassed by a capacitor. 

A25. An L-section filter with a limiting resistor is less 
effective than one with an inductor. 

A26. An inductor has higher reactance for AC than for 
DC. 

Pi-Section Filters 

A pi-section filter has three elements—a shunt input 
capacitor, a series choke (inductor), and a shunt output ca-
pacitor. As the input voltage reaches the first capacitor, the 
capacitor bypasses most of the AC ripple current to ground. 
This presents a smoother waveshape to the choke. The 
choke presents a high inductive reactance to the AC ripple 

PI-SECTION FILTERS 

 o 

T o o  

CT CT 
o 

With Choke (L) With Resistor 

current and tends to block it. To put it another way, the 
choke opposes a change in current, and so it acts to smooth 
the current passing through it. Finally, the second capacitor 
is designed to bypass to ground any remaining AC compo-
nents. The resulting output is a smooth DC voltage. 
To save money, the choke is sometimes replaced with a 

resistor. This results in less smoothing action. A pi-section 
filter using a resistor depends for some of its effectiveness 
on the long time constant of the series resistor and the out-
put capacitor. If this time constant is much longer than the 
period of the AC ripple, the output capacitor will charge 
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tnd discharge very little during any one pulse of the ripple 
Toltage. The waveshape will then be smoothed out. How-
!ver, the resistor also consumes power. This is an important 
,onsicleration in a power-supply circuit. 

REGULATED POWER SUPPLIES 

Regulated power supplies are those that keep the voltage 
(or current) supplied to the load constant, even if the power-
;ource voltage fluctuates or the load changes. 
Basically, the voltage-regulator part of a regulated power 

;upply is a variable resistance that automatically changes 
is the output voltage changes. (For simplicity, no filter is 
;hown in the figure.) 

101TAGE REGULATORS REPRESENTED AS VARIABLE RESISTORS 

IN SHUNT WITH POWER SUPPLY IN SERIES WITH POWER SUPPLY 

A shunt voltage regulator combines with the resistance of 
the power supply itself, or with an additional resistor, to 
form a voltage divider. As the shunt resistance increases, 
more voltage appears across it as an output to the load. As 
the shunt resistance decreases, less voltage appears across 
it. 
The series voltage regulator forms a voltage divider in 

series with the load resistance. As the series resistance 
increases, less voltage appears across the load resistance. As 
the series resistance decreases, more voltage appears across 
the load. 

Q27. What are the three elements of a pi-section filter? 

Q28. A pi-section filter with a resistor gives ( better, 
poorer) filtering action than one with a choke. 

Q29. A voltage regulator may be compared to a 
  resistor. 
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A27. The three elements of a pi-section filter are a 
shunt input capacitor, a series choke or resistor, 
and a shunt output capacitor. 

A28. A pi-section filter with a resistor gives poorer fil-
tering action than one with a choke. 

A29. A voltage regulator may be compared to a vari-
able resistor. 

The resistance of a shunt voltage regulator increases when 
the output voltage decreases. It decreases when the output 
voltage increases. Thus, it automatically returns the output 
voltage to normal. Similarly, the resistance of a series volt-
age regulator increases as the output voltage increases and 
decreases as the output voltage decreases. 
There are several ways of achieving resistance that varies 

with output voltage. One of these is the gaseous voltage-
regulator (VR) tube. This is a diode filled with a current-
conducting gas. As the voltage applied across this tube 
increases, the gas becomes more ionized, and the resistance 
of the tube decreases. This type of tube can be used as a 
shunt voltage regulator. 

,SIMPLE i.01,1'1(E REGULATOR 
+ 0  

 o+ 
POWER 
SUPPLY 

VR 
TU BE 

REGULATED 
VOLTAGE 

 o 

The limiting resistor in series with the VR tube is selected 
to limit the current through the tube to a safe value. Gas-
eous voltage regulators keep the output voltage constant to 
within about 1 e/(. They come in a number of specific voltage 
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ratings. To change the constant output voltage, it is neces-
sary to change the tube. To obtain higher voltage ratings, 
VR tubes can be connected in series so that only part of the 
output voltage appears across each one. 
The regulated voltage from a VR-tube regulator is fixed 

in value. Vacuum tubes are often used where it is desirable 
to vary the value of a regulated voltage. 

VAC UM-TUBE VOLTAGE REGULATOR 

DC POWER 
SUPPLY 

VR 
TUBE 

RL 
REGULATED 
VOLTAGE 

A vacuum-tube circuit can be used as a series voltage 
regulator. The current passing through the tube from cath-
ode to plate depends on the grid bias. Another way to say 
this is that the resistance of the tube depends on the grid 
bias. Therefore, by varying the voltage on the grid, the tube 
resistance can be changed as necessary. 
A source for the grid bias is needed. This may be a bat-

tery or it can be a VR regulator connected to the power 
source. A potentiometer in the grid circuit makes it possible 
to adjust the bias. 

If the voltage of the power source rises, the voltage at the 
cathode of the triode also increases. This causes an increase 
in the negative grid bias and reduces the current through 
the tube, effectively increasing the plate resistance. The 
output voltage is thus reduced. If the power source voltage 
drops, the opposite action takes place. This circuit will also 
compensate for changes in load resistance. A transistor 
instead of a tube can be used in a similar circuit. 

Q30. The resistance of a shunt voltage regulator de-
creases as the output voltage  

Q31. The resistance of a series voltage regulator 
 as the output voltage decreases. 
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A30. The resistance of a shunt voltage regulator de-
creases as the output voltage increases. 

A31. The resistance of a series voltage regulator de-
creases as the output voltage decreases. 

WHAT YOU HAVE LEARNED 

1. Power supplies are most often used to convert AC 
voltages into DC voltages. 

2. The components of a DC power supply are a voltage 
control, rectifier, and filter. 

3. A power transformer provides AC at desired voltage 
values as an input to a power supply. 

4. A diode (or combination of diodes) is used to convert 
AC into pulsating DC. 

5. There are basically two types of rectifiers—half-wave 
and full-wave. 

6. A bridge rectifier is one type of full-wave rectifier ; an-
other type uses two diodes. 

7. The filter smooths out the pulsating DC and provides 
almost pure DC. 

8. Three of the most commonly used filters are capacitive, 
L-section, and pi-section. 

9. The AC component of the filtered DC is called ripple 
voltage. 

10. Voltage regulators are used to provide fairly constant 
DC. 

11. Voltage regulators make adjustments in the power-
supply output voltage by varying the resistance of 
vacuum tubes and/or transistors. 

12. Voltage regulators are connected in series or in parallel 
with the load resistance. 

13. Gas tubes and triodes are two common devices used to 
provide a variable resistance in regulator circuits. 
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5 
Amplifiers arid 

Oscillators 

You will now learn how 
What You vacuum tubes are used 

in practical amplifier cir-
Will Learn cuits, and receive more 

practice in using tube-char-
acteristic curves. You will find out how to develop 
equivalent circuits for tubes and learn something about 
biasing circuits. You will discover the difference between 
voltage and power amplifiers. The common methods of 
coupling a series of single-tube amplifiers to produce a 
multistage, or cascaded, amplifier will be discussed. You 
will become familiar with the way in which oscillators 
generate AC voltages by the use of positive feedback. 

WHAT IS AN AMPLIFIER? 

Amplifiers are probably the most common circuits in elec-
tronics. They are used everywhere, from radio receivers and 
television transmitters to radar sels and giant computers. 
Everyone knows what a high-fidelity audio amplifier does. 

It takes a very weak signal from a phonograph pickup or 
tape head and increases the amplitude of this signal until it 
has enough strength to drive several large speakers. 

All amplifiers increase the amplitude of an input signal 
until it is large enough for the intended application. One of 
the main functions of a television receiver is to amplify the 
extremely weak signal voltages induced in the antenna 
enough to produce an image on a picture tube. 
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There are many different kinds of amplifiers. Some have 
the main function of amplifying a signal voltage; these are 
voltage amplifiers. Others are power amplifiers for driving 
final loads. Some are designed for low frequencies; these are 
DC and operational amplifiers. Others work best in the 
audio-frequency (AF) range. There are radio-frequency 
(RF) amplifiers designed for higher frequency ranges. Some 
have a very narrow passband; they amplify only a narrow 
range of frequencies. The amplifiers in a radio receiver are 
an example of this type. They are concerned with amplify-
ing sine waves. Others, like the video signal amplifiers in 
television sets, must have a fairly wide passband so that 
complex waveforms are not distorted. 

DMMC MDAPIOFOR Pn0MCOPL 

AC 
SIGNAL 
INPUT 

DC POWER AMPLIF i! • 

AC: OUTPUT 

You can see from this diagram that the amplifier does not 
magically transform a low-power or low-voltage signal into 
a larger one. You can't get more power out than you put 
in. Instead, an amplifier controls the DC power from the 
power supply according to the variations in the AC input 
Signal. 

It is often desirable to have an output that is a reasonably 
good i auplication of the input. But due to the limitations of 
tubes and circuits, this is not always possible. When the 
output does not follow the input exactly, there is distortion. 
The amount of permissible distortion depends on the purpose 
of the output signal. Distortion-free amplifiers are usually 
complex and costly. 
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Plate-Current Flow in an Amplifier 

Now look at a simple vacuum-tube amplifier. This one 
uses a triode, a tube with three elements—cathode, grid, and 
plate. There is also a heater to keep the cathode at emission 
temperature, but normally it is not considered as an active 
circuit element. 

BASIC TRIODE AMPLIFIER CIRCUIT 

GRID 

CATHODE 
R 1 

50K 

E c 2. 5V 1B 300V 

As the cathode is heated to emission temperature, it 
begins to emit electrons into the space around it. A positive 
voltage (ER) applied to the plate of the tube attracts the 
negative electrons. Electrons leave the 300-volt battery 
from its negative terminal, flow into the cathode, are 
emitted, and pass into the electron cloud. Then the electrons 
are attracted to the plate and flow through the load resistor 
back to the positive terminal of the battery. This is the 
steady-state DC plate current (IB). 
The tube current flows in a loop, as shown, and encounters 

several resistances on its way. These include the small 
internal resistance of the battery, the resistance of the cath-
ode-plate path through the tube (plate resistance Ri,), and 
the load resistance ( 11,). The sum of these three resistances 
and the amount of the battery voltage determine the mag-
nitude of the plate current (III). II: and the battery voltage 
determine the DC-power input to the amplifier. 

Ql. An amplifier has two inputs: a large  
input and a small   input. 

Q2. The output of an amplifier is the   
input altered so that it resembles the   
input. 
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Your Answers Should Be: 

Al. An amplifier has two inputs: a large DC-power 
input and a small AC-signal input. 

A2. The output of an amplifier is the DC-power input 
altered so that it resembles the signal input. 

Plate-Current Control 

The amplifier circuit diagram shows a small negative volt-
age (Er) on the grid. The grid therefore has the effect of 
repelling the negative electrons in the electron cloud sur-
rounding the cathode. Since the grid is closer than the plate 
to the cathode, a small change in grid voltage affects plate 
current as much as a large change in plate voltage. To put 
it another way, a small grid voltage controls a large plate 
current, making amplification possible. 

Voltage Gain 

The grid bias (E1.) is adjusted in such a way that it allows 
a small amount of plate current to flow when no input signal 
is present. Now an AC input-signal voltage (eg) is intro-
duced. Suppose the DC grid bias voltage is —2.5 volts and 
an AC signal that swings 2 volts in each direction (4 volts 
peak-to-peak) is superimposed on it. The graph on the next 
page shows how the plate current and voltage change with 

AMPLIFIER WITH INPUT SIGNAL 

AC INPUT 
SIGNAL 

eg 

GRID 

4 VOLTS 
P-P 

CATHODE 

E C 2.5V 

•  

PLATE 

HEATER 

11. 1i3 

_111111111 
E 8 300V 

R L 

50K 

LOAD 
RESISTOR 

the grid voltage for a particular type of tube used in the 
circuit shown above. The plate current changes from 1.2 to 
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1.8 milliamperes. This current, flowing through load resistor 
RI., produces a change in voltage drop from 50,000 >< 0.0012 
= 60 volts to 50,000 X 0.0018 = 90 volts. The voltage drop 
with just the DC bias applied (no signal input) is 75 volts. 
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Since the plate-battery voltage is 300 volts, the voltage 
between plate and cathode will be 300 minus the load-resistor 
voltage drop (neglecting the small battery resistance) . Thus, 
the plate voltage has a quiescent (no-signal) value of 225 
volts, and with the 4-volt (peak-to-peak) input signal it 
swings between 210 and 240 volts. 
An AC signal with a peak of 2 volts was put into the 

amplifier, and an AC output with a peak amplitude of 15 
volts ( 1/2  of 240 — 210 volts) was produced. This AC output 
voltage has 7.5 times the amplitude of the AC input volt-
age. This is a net voltage gain of 7.5. 

Q3. In the circuit shown, the AC input signal is applied 
to the — — -- of the tube. 

Q4. The output voltage is produced by changes in the 
  flow through the 
resistor. 
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A3. In the circuit shown, the AC input signal is applied 
to the grid of the tube. 

A4. The output voltage is produced by changes in the 
plate-current flow through the load resistor. 

Phase Reversal 

In the amplifier described on the previous pages, the plate 
voltage is the difference between the plate-supply voltage 
and the load-resistor voltage drop. Thus, when the load-
resistor drop is greatest, the remaining plate voltage is at 
the lowest value. The load-resistor drop is greatest (the 
plate voltage is the lowest) when the grid-signal voltage is 
at its positive peak. When the grid voltage is at its negative 
peak, the plate voltage is at its highest value. This means 
then that a phase difference of 180° exists between the input 
and output voltages. 

TETRODES AND PENTODES 

As you know, many tubes have more electrodes than the 
three of the triode described so far in this chapter. The 
tetrode (four-electrode) tube has a fourth element, called 
the screen grid, between the control grid and the plate. This 
tube was developed to overcome a particular shortcoming of 
triodes. 

One of the practical limitations of triode amplifiers is 
that at higher frequencies the interelectrode capacitance 
becomes important. This capacitance exists between cath-
ode and grid, between grid and plate, and between cathode 
and plate, and is normally very small. As the input fre-
quency increases, the reactances of these capacitances de-
crease, causing undesirable effects. The capacitive coupling 
from plate (output) to grid (input) is especially undesirable. 
This capacitance can result in undesirable feedback, gain 
reduction, and distortion. The screen grid of a tetrode acts 
as an electrostatic shield between the grid and plate. In this 
way it reduces the undesirable plate-to-grid capacitance to a 
much lower value. 

The pentode has a third grid placed between the screen 
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grid and the plate. This fifth electrode is called the sup-
pressor grid. The purpose of the suppressor grid is to pre-
vent a form of reverse conduction which occurs in tetrodes. 
When electrons strike the plate with enough velocity, the 
force dislodges other electrons which bounce back toward 
the screen grid. This secondary emission is, in effect, a 
reverse current flow from plate to screen grid. 

AMPLIFIERS WITH MULTIGRID TUBES 

RL 

eg 

BYPASS 
CAPACITOR eg 

EC EC 

1 _ ili Mu II _ Ill • N. . I.  
EB EB 

Tetrode Pentode 

The suppressor grid prevents this current from flowing. 
It is electrically connected to the cathode, making it nega-
tive with respect to the plate, and thus repels any electrons 
that try to travel from the plate to the screen grid. The 
suppressor grid is actually a fairly coarse screen so that it 
does not interfere with the main current flow between cath-
ode and plate. 
Although tetrode and pentode characteristic curves differ 

from those of the triode, the basic amplifier action is no 
different. Throughout this chapter amplifiers will be ex-
plained in terms of triodes. It should be understood that, 
according to the need, tetrodes and pentodes may also be 
used as amplifiers. 

Q5. The phase difference between input and output sig-
nals in the voltage amplifier just described is 

Q6. The basic amplifier action of tetrodes and pentodes 
(is, is not) the same as that of triodes. 
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Your Answers Should Be: 

A5. The phase difference between input and output sig-
nals in the voltage amplifier just described is 180°. 

A6. The basic amplifier action of tetrodes and pentodes 
is the same as that of triodes. 

BIASING 

The graph on page 143 shows the plate current and volt-
age for any given grid voltage for one particular amplifier 
circuit. A point on the curve indicates the DC bias voltage 
applied to the grid. This is called the DC operating point, 
or the quiescent point. With every amplifier circuit, this 
point must be chosen correctly in order to have proper oper-
ation. For an accurate reproduction of the input signal, the 
grid bias is usually chosen so that: 

1. It is greater than the peak value of the signal ; thus, the 
signal-voltage swing never drives the grid positive with 
respect to the cathode. 

2. The entire signal-voltage swing operates over a linear 
(straight) portion of the characteristic curve. 

Both of the above rules are ignored in special types of 
circuits. Normally, however, the grid is not driven positive 
during any part of the input cycle. If this happens, the posi-
tive grid attracts electrons, and a current flows from cath-
ode to grid. This causes distortion because, during the part 

DIP DUE TO 
GRID CURRENT 

DISTORTED 
PLATE-CURRENT 
WAVEFORM 

of the cycle when grid current flows, the amount of current 
flowing to the plate is diminished by the amount of the 
grid current. Therefore, as far as the plate is concerned, 
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there is a dip in the waveform, and the waveshape is dis-
torted. Also. the total power developed at the plate is made 
smaller, resulting in an overall power loss. If rule 2 is vio-
lated and the tube is operated on a curved portion of its 
characteristic curve, the output wave will be distorted, as 
shown below. The positive and negative halves of the input 

DISTORTION DUE TO NOKINEAR OPERATION 

PLATE 
CURRENT 

GRID VOLTAGE 

INPUT WAVESHAPE 

signal are equal, but because of the shape of the curve, the 
positive and negative halves of the output are quite unequal. 

Q7. What are the two rules for determining a suitable 

DC grid-bias voltage? 
Q8. The DC voltage applied to the grid is called — — — 

— — — . 
Q9. Indicate on the curve shown below where a suitable 

DC operating point might be located. 
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Your Answers Should Be: 

A7. The DC grid voltage should be greater than the 
highest voltage of the AC signal. The DC voltage 
plus the signal voltage should be on a straight-line 
portion of the plate-current-grid-voltage curve. 

A8. The DC voltage applied to the grid is called grid 
bias. 

A9. 
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LINEAR 
PORTION 

GRID VOLTAGE 

The DC operating point should be located on the 
linear portion of the curve. 

LOAD LINE 

A convenient way to analyze an amplifier is with a load 
line drawn on the plate-characteristic curves of the tube. 
These curves relate plate current (Ii,) to plate voltage (Ed 
for different values of grid voltage (Eg). 
The load line is drawn as follows. A point corresponding 

to the value of the plate-supply voltage (ER) is selected on 
the horizontal axis. Another point is marked on the vertical 
axis at a value of 4 equal to the plate-supply voltage divided 
by the effective value of the load resistance. The load line 
joins these two points. 
These points represent the theoretical extremes the tube 

could reach. If the grid voltage is such that no current can 
flow, Ip is zero, and all of voltage En appears across the 
tube. This is the point on the X axis. If the grid voltage 
is such that the tube conducts so heavily as to have zero 
resistance, the plate current is limited only by the load re-
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sistance, and there is no voltage drop between plate and 
cathode. This is the point on the Y axis. This point, of 
course, is only theoretical. The tube is never a perfect con-
ductor, so it can never reach that point on its load line. 
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PLATE VOLTAGE 

Changing the plate-supply voltage changes the position of 
the load line. Changing the load resistance changes the slope 
of the load line. 

Q10. One end of a load line passes through the point on 
the horizontal axis corresponding to the   
 voltage. 

Q11. The other end of the load line passes through a 
point on the vertical axis corresponding to what 
value of plate current? 

Q12. How does changing Hi, and ER affect the load line? 
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A10. One end of a load line passes through the point 
on the horizontal axis corresponding to the plate-
supply voltage. 

All. The other end of the load line passes through a 
point on the vertical axis corresponding to a value 
of plate current equal to the plate-supply voltage 
divided by the load resistance. 

Al2. Changing R, changes the slope of the load line. 
Changing El; changes the position of the load line. 

Operating Point 

By marking the load line with the point corresponding to 
the negative bias applied to the grid, the operating point of 
the tube is found. This point gives the values of E,„ Ii,, and 
Eg with no input signal applied. 

POINTS ON A LOAD LINE 

PLATE VOLTAGE 

If the amplitude of the AC input signal is known, it can 
be marked off along the load line, as shown in the figure. 
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By running vertical and horizontal lines from the two peak 
E, points ( points A and C in the figure), the corresponding 
plate current and voltage can be determined. 

In the diagram shown, the plate-supply voltage is 400 volts 
(point X). The quiescent operating point (B) shows that 
the DC grid bias is —35 volts. A signal having a peak value 
of 30 volts produces swings of grid voltage from —5 to —65 
volts, causing variations of plate current from 10 to 50 
milliamperes. The plate voltage swings from 150 to 350 

volts. 
The slope of the load line depends only on the value of the 

effective load resistance (RI). This resistance may be a 
parallel combination of a load resistor and a grid-leak re-
sistor. Or it may be an equivalent value from the primary 
of a coupling transformer. In any case, the points for the 

load line are always calculated as if the load resistance were 
a single resistor in the plate circuit. 
The figure below shows a set of characteristic curves for 

a tube. Suppose the B voltage is 400 volts and the load 

resistance is 40K. 
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Q13. Draw the load line. 
Q14. If the grid bias is —10 volts and the AC signal 

voltage has a peak value of 4 volts, draw lines to 
show the limits of plate current and plate voltage. 
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A13. The load line should connect these two points: 

= 0, En = 400V; I = 10 ma, Elt = 

A14. Plate current varies between 2 ma and 5 ma, 
approximately. Plate voltage varies between 200V 
and 310V, approximately. 
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AMPLIFIER CLASS 

The class of an amplifier depends on the grid-voltage 
range. A class-A amplifier is one in which the grid is never 
driven positive or to cutoff by the signal voltage. This means 
that grid current does not flow during any portion of the 
cycle, and no power is consumed in the grid circuit. 
A class-B amplifier is one in which the grid is biased at 

or very near cutoff. The tube conducts during approximately 
half of the cycle ( usually a little less than half). Grid cur-
rent may flow during a part of the conduction period. 
A class-C amplifier is one in which the grid voltage is 

beyond cutoff for most of the cycle but goes positive on 
positive signal peaks. Grid current flows on these positive 
signal peaks. 

Class-B and class-C amplifiers, as you see, violate the usual 
rules for establishing a DC operating point. These ampli-
fiers are used when it is unnecessary to obtain accurate 
reproduction of the entire input signal. 
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EQUIVALENT CIRCUITS 

It is difficult to analyze an amplifier circuit because vac-
uum tubes are complex circuit elements. A convenient way 
of analyzing vacuum-tube circuits is by substituting an 
equivalent circuit made up of conventional elements for the 
tube. For the purpose of the analysis, the equivalent circuit 
accurately represents the behavior of the tube as far as the 
AC signal is concerned. 
There are two basic equivalent circuits for a vacuum tube. 

Either one can be used, depending on which is more con-
venient. These equivalent circuits make use of the concepts 
of the constant-voltage generator and the constant-current 
generator. 

In Chapter 2 you learned about tube parameters. These 
are the amplification factor, p (mu) ; the transconductance 
(g...) in micromhos; and the plate resistance (rp) in ohms. 
You also learned the relationship between these three quan-
tities: p. = g,, >< ri,. 

Constant-Voltage Generator 

The equivalent circuit with a constant-voltage generator 
represents a vacuum tube as a voltage source of — peg volts 
in series with a resistance rp. The symbol eg represents the 
signal voltage applied to the grid. The voltage at the output 
terminals of this circuit depends on the load resistance ( 11L). 
The output voltage e„ is developed across 11,1,. 

EQUIVALENT CIRCUIT USING CONSTANT-

VOLTAGE GENERATOR 

Q15. What class of amplifier must be used when mini-
mum signal distortion is desired? 

Q16. What is an equivalent circuit? 
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A15. A class-A amplifier must be used when minimum 
signal distortion is desired. 

A16. An equivalent circuit is a circuit made up of con-
ventional elements and used to represent a vac-
uum-tube circuit. 

Constant-Current Generator 

The constant-current generator representation uses a con-
stant-current source. This source generates a current of 
g„,e, amperes. (Remember that I = E R, and conductance 
= 1 R.) The total current is i,„ the plate current. This 
current source is always in parallel with r,„ and the entire 
circuit is connected to a load (RI). 

EQUIVALENT CIRCUIT 

USING CONSTANT-

CURRENT GENERATOR 

The two equivalent circuits produce the same results. 
Usually, when dealing with currents you will want to use 
the constant-current circuit. When dealing with voltages, 
the constant-voltage circuit is usually most convenient. 
One word of caution—the two equivalent circuits can be 

used safely only for small values of signal voltage. This is 
because they are based on linear tube-characteristic curves. 
Actual tubes do not have straight-line characteristics. When 
the circuit is operating over a wide range of voltages, the 
straight-line approximation is no longer correct. 

GAIN AND LOAD RESISTANCE 

The voltage gain, or amplification, of an amplifier circuit 
is given by the formula: 

Ri,  
amplification — p. r„ 
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With a given tube, the only variable in this formula is the 
load resistance ( 111.). If the plate resistance is increased, 
the gain will be increased; but it can never become greater 
than the ideal amplification factor (IL) of the tube. It will 
approach this value as RI, becomes appreciably larger than 
the plate resistance (r„). 

VOLTAGE AND POWER AMPLIFIERS 

To obtain high amplification of voltage, a load resistor 
that is large compared to r„ must be used. However, as the 
value of the load resistor is increased, the output voltage 
across it rises more and more slowly. Finally, any further 
increase of RI, produces only a negligible increase in output 
voltage. This is because the tube begins to operate on a 
nonlinear portion of the grid characteristic curve as the 
load resistance is increased. This, as you have seen, results 
in a low output and produces distortion. The best value of 
load resistance is normally one that will give a reasonable 
amount of gain. A load with a resistance about four times 
that of the plate resistance of the tube is usually a satis-
factory value. 
Maximum power is obtained from the output of a vacuum-

tube amplifier when the value of the load resistance is equal 
to r,,. However, distortion of the output signal occurs when 
this value of load resistance is used. For triodes, the best 
balance between power output and distortion exists when Ft1. 
is two to four times r,,. For pentodes, the best value for 
It1, is about one tenth of r1,. 

Q17. If a triode tube being used as an amplifier has a 
plate resistance of 32,000 ohms and a load resist-
ance of 68,000 ohms, it is probably being used to 
produce an output of maximum  , with 
minimum . 

Q18. What is the amplification of a circuit if the tube 
has a p, of 100, a plate resistance of 32,000 ohms, 
and a load resistance of 50,000 ohms? 

Q19. What is the gain if 11/, is increased to 100,000 
ohms? 

Q20. What is the gain if RI, is increased to 1 megohm? 
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A17. If a triode tube being used as an amplifier has a 
plate resistance of 32,000 ohms and a load resist-
ance of 68,000 ohms, it is probably being used to 
produce an output of maximum power with mini-
mum distortion. 

100 X 50,000  A18. Gain —  61 
r„ 50,000 + 32,000 

A19. Gain = 76 

A20. Gain = 97 

AUTOMATIC GRID BIAS 

In the amplifier circuits shown so far, a battery (Er) has 
been used to provide the small negative voltage for grid 
biasing. This is not always a practical arrangement, how-
ever. It is also possible to get the bias voltage from a 
resistance voltage divider in the power supply. The voltage-
divider method and the battery method provide what is 
known as fixed bias. 

In practical circuits, another common method of supplying 
grid voltage is by automatic bias. One type of automatic 

CIRCUIT USING CATHODE-BIAS RESISTOR 

t CATHODE , 
CURRENT 

 - 11111111'  
EB 

bias is provided by the use of a cathode-bias resistor. The 
circuit for this is shown above. There are other types of 
automatic bias that work on similar principles. 
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In the circuit shown, the full cathode current flows 
,hrough resistor RE. The cathode current in a triode circuit 
?qua's the plate current. In a tetrode or pentode circuit the 
;athode current is the sum of the plate and screen-grid 
;urrents. 
Current through RK results in a voltage drop which makes 

,he cathode more positive than the negative end of the 
)Iate-supply voltage to which the grid is connected. This is 
,he same thing as making the grid negative with respect 
:o the cathode. 
If the desired grid-bias voltage and the total cathode cur-

ent are known, the required value of resistor RK can be 
;alculated. For example, if E„ is to be —5 volts and the 
;athode current for this grid bias is 0.25 milliampere, the 
value of RE iS: 

E.  5V  
RE — — 20K 

1E 0.25 ma 
In this arrangement the bias voltage depends on the 

tmount of the cathode current. The current, in turn, de-
)ends on the plate voltage of the tube. As the plate voltage 
ncreases, the bias automatically increases (becomes more 
tegative). As the plate voltage is reduced, the bias becomes 
ess negative. This is why this circuit is called an automatic 
)iasing circuit. 
However, it is not desirable to have the bias affected by 
a continuously varying signal voltage. Therefore, biasing 
esistor RE is bypassed with capacitor C1 so that the AC 
7,omponent of the cathode current has no effect on the bias 
voltage. Capacitor CI is chosen so that its reactance at the 
;ignal-voltage frequency is small compared to RE, usually 
about one tenth. DC current must pass through RE because 
:he capacitor appears as an open circuit to DC. However, 
the AC signal component can pass through C1 ten times 
/lore easily than through the resistor. The AC voltage across 
the resistor is therefore very small. The cathode is then at 
eround potential as far as AC is concerned. 

Q21. How does a cathode-bias resistor produce grid 
bias? 

Q22. Why is a capacitor placed across a cathode-bias 
resistor? 

157 



Your Answers Should Be: 

A21. The flow of cathode current through the cathode-
bias resistor causes a voltage drop which makes 
the cathode positive with respect to the grid. This 
is the same as making the grid negative with 
respect to the cathode. 

A22. The capacitor across the cathode-bias resistor 
prevents a signal-frequency voltage from appear-
ing across the resistor. 

Effect of Cathode Bias 

When using a cathode-bias resistor, it is necessary to have 
a plate-supply voltage higher than needed with fixed bias. 
The grid-bias voltage is, so to speak, taken from the plate-
voltage supply by a voltage divider consisting of the biasing 

RESISTANCE I} VOLTAGE 

OF TUBE ACROSS TUBE 

PLATE-VOLTAGE .±.. 

SUPPLY 

BIAS 
VOLTAGE { R K 

resistor and the DC plate resistance of the tube. The plate 
voltage as seen by the tube is only that part of the supply 
voltage appearing across the plate resistance. Therefore, the 
plate-voltage supply must provide the bias voltage in addi-
tion to the plate voltage. 

MULTISTAGE AMPLIFIERS 

In many applications a single-tube amplifier cannot pro-
vide all the amplification that is required. It is then neces-
sary to connect two or more amplifier circuits (called 

158 



stages) one after the other. Each stage then amplifies the 
output of the preceding stage, until the desired amount of 
amplification is reached. This happens, for example, in tele-
vision receivers that have several IF amplifiers connected in 
sequence. This arrangement is sometimes called a cascaded 
amplifier. 

eieeleDEP dePlifirk9 

I NP UT AMPLIFIER STAGE AMPLIFIER STAGE 

In a multistage amplifier chain, voltage amplifiers are 
generally used for all but the output stage. In this way 
only very small currents are handled. The signal is grad-
ually developed to a higher voltage but with very little 
power. Only in the last stage is the signal converted into 
the necessary power output. 
When several amplifier stages are coupled together, it is 

necessary to have some means of connecting them for max-
imum signal transfer without affecting the biasing of the 
individual tubes. 
There are four main ways of coupling vacuum-tube ampli-

fier stages. These are resistance-capacitance, impedance-
capacitance, transformer, and direct coupling. The first two 
use a coupling capacitor to block the DC; the third accom-
plishes the same thing with a transformer. 
Some special amplifiers are designed to amplify very low 

frequencies, even down to zero cps (DC). The stages of 
these amplifiers are coupled directly, because a coupling 
capacitor or transformer would block DC and very low-fre-
quency signals. 

Q23. In an amplifier having a cathode-bias resistor the 
plate voltage is less than the plate-supply voltage 
by the amount of the  

Q24. What are the four ways of coupling vacuum-tube 
amplifier stages? 
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A23. In an amplifier having a cathode-bias resistor the 
plate voltage is less than the plate-supply voltage 
by the amount of the bias voltage. 

A24. The four ways of coupling vacuum-tube ampli-
fier stages are resistance-capacitance, impedance-
capacitance, transformer, and direct coupling. 

Impedance Matching 

When coupling two amplifier stages together, or an ampli-
fier stage and an output device such as a speaker, it is 
important to consider the output and input impedances 
involved. 

Consider, for example, the coupling of an amplifier to a 
speaker. A vacuum-tube amplifier is a device that operates 
best at a rather low current level and a rather high voltage 
level ( in the plate circuit). On the other hand, a speaker is 
a device that operates with high current and low voltage. 
Another way of saying this is that the amplifier has a high 
output impedance but the speaker has a low input impedance. 
For maximum transfer of energy between two stages (or 

other electrical circuits), it is necessary that the output and 
input impedances be matched (made equal). If they are not 
equal, they can be matched by an impedance-matching 
network. 
Remember that this applies only to energy transfer and 

not to voltage transfer. When coupling a voltage amplifier 
to the following stage, it is desirable to make the load 
resistor as high as practical, even though this does not 
result in maximum power transfer. 

Resistance-Capacitance Coupling 

Resistance-capacitance coupling is the most common and 
simplest manner of cascading amplifier stages. RC-coupled 
amplifiers are used in audio systems, video amplifiers, oscil-
loscopes, radar systems, etc. 
Coupling between stages of an RC-coupled amplifier is 

accomplished by taking the changing voltage across the 
load resistance of one stage and connecting it through a 
coupling capacitor (Cc.) to the grid of the tube in the next 
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stage. The high DC plate voltage of the first stage is blocked 
by C. The proper value of C,. is determined by the lower 
limit of the range of frequencies to be amplified. If C,. is 
too small, it will block the lower frequencies in the desired 
irna1rang( 

I UPLED AMPLIFIER 

Resistor R„ is called the grid-leak resistor. This resistor 
serves to keep the grid at ground potential, thus preserving 
the voltage difference between the grid and cathode. This 
resistor actually serves a dual purpose, also being used as 
the component across which the signal voltage from the 
preceding stage is developed. 

Resistor Ri, is called the load resistor, as before. How-
ever, notice that Ri, is not the entire load seen by the first 
tube. It has the combination of C,. and Rg in parallel with 
it. The true load impedance is, therefore, always smaller 
than Ri,. 

An RC-coupled amplifier is sensitive to frequency. One 
reason is that the reactance of C,. varies with frequency. 
Another reason is that every circuit has several stray ( unin-
tentional) but unavoidable capacitances. At high frequen-
cies these capacitances have low reactance values and begin 
to play a part in the circuit performance. 

Q25. If two impedances are not the same, they can be 
matched by using a(n)   

Q26. Impedance matching is usually not employed when 
coupling a   stage to 
the following stage. 

Q27. In an RC-coupled amplifier, the true load is (equal 
to, less than, greater than) It,. 
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A25. If two impedances are not the same, they can be 
matched by using an impedance-matching net-
work. 

A26. Impedance matching is usually not employed when 
coupling a voltage-amplifier stage to the following 
stage. 

A27. In an RC-coupled amplifier, the load seen by the 
tube is less than II,. 

Effect of Frequency in RC Coupling 

In order to analyze a circuit accurately, the changing 
reactances previously mentioned must be taken into account. 
Since these reactances vary with frequency, a separate anal-
ysis must be made for the low, intermediate, and high fre-
quencies. For each frequency range an equivalent circuit is 
chosen that will be a fairly accurate representation of the 
behavior of the amplifier. Remember that equivalent-circuit 
analysis is valid only for reasonably small signals. The three 
equivalent circuits for an RC-coupled triode amplifier de-
signed to operate in the audio range are shown in the fol-
lowing three illustrations. 

LOW-FREQUENCY 

EQUIVALENT CIRCUIT 

In the low-frequency range (up to 1,000 cps) no stray 
capacitances need be considered, but the coupling capacitor 
C,. has a sizable reactance. The circuit above applies. Simple 
circuit techniques can be used to determine the voltage e„, 
which appears at the grid of the next stage. 

MEDIUM-FREQUENCY 

EQUIVALENT CIRCUIT 
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The middle-frequency range is one in which coupling 
capacitor C,. can be neglected because it has a very small 
reactance compared to R. The stray capacitances likewise 
do not show any appreciable effect in this range. 

HIGH-FREQUENCY EQUIVALENT CIRCUIT 

rP 

RL R9 
L. -Peg 

Cs . 

Cpk 

In the high-frequency range, three unwanted capacitances 
become important. They are the plate-cathode capacitance 
(C„,), the stray capacitance of the wiring (C.), and the 
capacitance of the input circuit of the second stage (Ci). 
Since the equivalent circuit is a parallel one, all three capaci-
tances may be combined into a total stray capacitance (CT). 
The graph below shows how the gain of a typical RC-

coupled amplifier varies as the signal frequency changes. 

GRAPH SHOWING RELATIONSHIP OF GAIN TO FREQUENCY 

CD 
LOW 

FREQUENCIES 

MIDDLE 
FREQUENCIES 

HIGH 
FREQUENCIES 

FREQUENCY 

Q28. What factors affect the gain of an RC-coupled 
amplifier at different frequencies? 

Q29. To fully analyze the performance of an RC-coupled 
amplifier,   frequency ranges must he con-
sidered. 
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A28. At low frequencies the gain of an RC-coupled 
amplifier depends on r,,, R1, R,, and the react-
ance of C. At middle frequencies the factors are 

11,,, and Rg. At high frequencies the factors 
are II, r,,, R1, Rg, C1,k, stray capacitance, and the 
input capacitance of the following stage. 

A29. To fully analyze the performance of an RC-coupled 
amplifier, three frequency ranges must be con-
sidered. 

Impedance Coupling 

In the resistance-coupled amplifier there is a sizable DC 
voltage drop across the load resistor. This voltage drop is 
sometimes undesirable because it requires a power supply 
with a high voltage. The voltage drop can be minimized by 
using an inductor in place of the load resistir. The inductor, 
or choke, has low DC resistance but high reactance to AC. 
This makes possible a plate-supply voltage only a little 
higher than the plate voltage needed. The winding of the 
inductor develops only a small voltage drop due to the 
resistance of the wire. 

IMPEDANCE-COUPLED AMPLIFIER 

LOAD 
I NDUCTORC,) 

L .-5; 

In practice, impedance-coupled amplifiers are not often 
used. They are most likely to be encountered in power-
amplifier circuits. 
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The distributed stray capacitance between the turns of 
the coil reduces the gain of the amplifier at the higher fre-
quencies. At low frequencies, the choke ( inductor) has a 
low reactance, thus causing a relatively small voltage drop 
to be developed across it. At the same time, the coupling 
capacitor has a very high reactance, preventing a good 
transfer of signal to the next stage. These two factors 
combine to reduce the low-frequency gain. 
The choke is usually chosen to have a high impedance at 

the frequencies to be amplified so that a high signal-fre-
quency voltage may be developed across it. 

Circuit analysis and calculation of voltage gain for imped-
ance-coupled amplifiers are very similar to those for the 
RC-coupled amplifier. The voltage-gain values obtained are 
of the same general magnitude. 

Transformer Coupling 

Transformer coupling is a very popular method of cascad-
ing amplifiers. It has the same advantage as impedance 
coupling in that no large DC drop appears across the pri-
mary winding of the transformer in the plate circuit. DC 
isolation is achieved by the natural isolation provided be-
tween the transformer windings (a transformer can transfer 
only alternating voltages). 
Transformer coupling also has the advantage of good 

impedance matching between stages. This makes maximum 
power transfer possible. Transformer coupling is suitable 
for use in power stages, such as in the output circuits of 
audio amplifiers. The frequency response of a transformer-
coupled amplifier can be excellent using modern transformer-
design techniques. The major disadvantage of transformer 
coupling is its relatively high cost as compared to other 
coupling means. 

Q30. The gain of an impedance-coupled amplifier at low 
frequencies is ( good, fair, poor). 

Q31. A load inductor is also called a  

Q32. The impedance of the load inductor  
as the signal frequency decreases. 

Q33. Transformer coupling ( is, is not) suitable for use 
in power amplifiers. 
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A30. The gain of an impedance-coupled amplifier at low 
frequencies is poor. 

A31. A load inductor is also called a choke. 

A32. The impedance of the load inductor decreases as 
the signal frequency decreases. 

A33. Transformer coupling is suitable for use in power 
amplifiers. 

Now you will see how a coupling transformer is used in 
an amplifier. The DC component of plate current flows 
through the primary winding without inducing any voltage 
in the secondary. But any fluctuations, such as AC currents, 
flowing through the primary induce corresponding AC volt-
ages in the secondary winding connected directly to the grid 
of the next tube. 

Tie.I.NsTmem Tie (:011)1,1\.(; 

Since the tube is operated so that the grid is never driven 
positive, no grid current flows and no power is taken from 
the secondary winding. This means that no interaction takes 
place between the secondary and the primary and, there-
fore, the primary does not have to deliver any power to the 
secondary. The primary circuit sees only the impedance of 
the primary winding, as if it were a single coil, and its value 
can be chosen for the right value of reactance for maximum 
gain in the first stage. The voltage developed across the 
secondary winding depends on the turns ratio of the trans-
former. This voltage is equal to n.,/ni times the primary 
voltage. 

166 



The secondary voltage, and therefore the gain, can be 
made quite high if the transformer winding ratio is high 
enough. In the early days of radio, when available tubes 
had very low amplification, transformers with high winding 
ratios were used extensively to achieve more gain. 
However, there is a practical limit to the winding ratio. 

In order to achieve a high ratio, the secondary winding must 
have a large number of turns. As the frequency of the sig-
nal goes up, such a winding has enough stray capacitance 
to limit its high-frequency response. For a more uniform 
(flatter) frequency response in high-quality amplifiers, the 
turns ratio rarely exceeds 5 to 1. 

It is important to connect the transformer correctly in a 
transformer-coupled amplifier. One reason, of course, is that 
the turns ratio must not be reversed. A more important 
reason is that the secondary winding is not made to carry 
any appreciable amount of current. But the primary does 
have to carry considerable plate current. Connecting the 
transformer into the circuit backwards may cause the sec-
ondary to burn out. 

It is also important not to reverse the two leads of either 
winding, especially where a wide range of frequencies is 
concerned. The windings are wound in such a way that one 
end has less capacitance to ground than the other. Color 
coding is used to indicate the correct connections and should 
always be followed. 
The methods used to couple amplifier stages discussed so 

far block all DC voltages and are for AC-signal use only. It 
is sometimes necessary to amplify DC signals, however. 

Q34. Only — — flowing in the primary of a coupling 
transformer induces signals in the secondary. 

Q35. The primary circuit sees the impedance of the 

Q36. The voltage developed across the secondary wind-
ing is equal to the primary voltage times the 

Q37. A winding with a large number of turns has a 
large . 

Q38. Transformer leads in a transformer-coupled ampli-
fier ( may, should not) be interchanged. 
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A34. Only AC flowing in the primary of a coupling 
transformer induces signals in the secondary. 

A35. The primary circuit sees the impedance of the 
primary winding. 

A36. The voltage developed across the secondary wind-
ing is equal to the primary voltage times the turns 
ratio. 

A37. A winding with a large number of turns has a 
large stray capacitance. 

A38. Transformer leads in a transformer-coupled am-
plifier should not be interchanged. 

DIRECT-CURRENT VACUUM-TUBE AMPLIFIERS 

Direct-current vacuum-tube amplifiers are known inter-
changeably as direct-current amplifiers or direct-coupled 
amplifiers (DC amplifiers for short). They are called direct-
coupled amplifiers because there is no capacitor or trans-
former between the output of one stage and the input of 
the next, allowing DC signals to pass from stage to stage. 
Special means must be used to prevent the high DC plate 
potential of one stage from affecting the operation of the 
grid circuit of the next stage. 

LOFTIN-WHITE CIRCUIT 
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One of the main difficulties encountered with DC ampli-
fiers is drift, the gradual change in output voltage without a 
change in the input. It is, of course, desirable to have no 
output voltage at all when the input is zero. Drift can be 
caused by a gradual change in the values of circuit compo-
nents or even by replacement of a tube. 
The figure on the opposite page shows one of the most 

common DC-amplifier circuits, the Loftin-White. Notice how 
the grid bias is obtained by dividing the plate-supply volt-
age of the previous stage. In a practical circuit the batteries 
are replaced by a resistor voltage divider in the main DC 
power supply. Because of the complexity of the required 
power supply, the tendency of the amplifier to drift, and the 
necessity for compensating networks, DC amplifiers are not 
used as widely as RC- or transformer-coupled units. 

WHAT IS AN OSCILLATOR? 

Oscillators are circuits that produce AC signals which have 
various applications in electronic equipment. Oscillators 
generate the radio-frequency carriers for radio and televi-
sion transmissions. The audio or video signal is then super-
imposed on the carrier. Every superheterodyne radio re-
ceiver employs a local oscillator, and some electronic organs 
have a series of oscillators that produce different tone fre-
quencies. All these are sinusoidal oscillators; that is, their 
output resembles a sine wave. 
A second important class of oscillator circuits includes the 

nonsinusoidal types—circuits that produce AC other than 
sine waves. These types of oscillators are often called pulse 
or square-wave generators. They include pulse generators 
for radar, square-wave generators for television testing, 
etc., sawtooth-wave generators in television display, marker 
oscillators, and a host of others. 

Q39. One of the most common direct-coupled amplifiers 
is the  circuit. 

Q40. In a DC amplifier the gradual change in output 
voltage without a corresponding change in the 
input is called  

Q41. Why is a direct-coupled amplifier so named? 
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A39. One of the most common direct-coupled amplifiers 
is the Loftin-White circuit. 

A40. In a DC amplifier the gradual change in output 
without a corresponding change in the input is 
called drift. 

A41. A direct-coupled amplifier is so named because the 
output signal of one stage is fed directly to the 
grid of the next stage without going through a 
coupling capacitor. 

OSCILLATOR OPERATION 

How does an oscillator work? Suppose an amplifier cap-
able of amplifying a desired frequency is turned on. With-
out any input there will, of course, be no output. Now con-
nect the output back to the input, in a sort of loop, making 
sure that the phase relationship is such that this feedback 
will reinforce, not reduce, any input to the amplifier. 
Any small signal at the input terminals will be amplified, 

fed back to the input, amplified again, and so on. The signal 
keeps going around the loop. Since all electronic circuits are 
frequency sensitive to some degree, this will happen only in 
a certain range of frequencies. The circuit oscillates; that 
is, it generates an AC signal without any external AC input. 
The oscillations may even be started by a very small amount 
of random noise in the tube. 
There are two conditions for oscillation in a circuit. First, 

a feedback from output to input in the correct phase is 
required. This is known as positive feedback and may be 
accomplished by various kinds of coupling networks. Second, 
the amount of feedback must be enough to overcome any 
internal losses in the circuit so that the oscillations do not 
gradually die away. 

It is important to keep in mind that the tube itself does 
not oscillate; it merely amplifies. The actual oscillation 
takes place in the resonant circuit that is part of the com-
plete oscillator circuit. That is to say, the circuit constants 
determine the frequency of oscillation. The resonant circuit, 
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also called a tank, functions like a flywheel rotating at its 
natural speed. There are some losses caused by resistance 
in the circuit. The power supply furnishes small amounts 
of energy every cycle to replace these losses and keep the 
oscillations going. 
Thus, a basic oscillator has three necessary parts—the 

oscillating system, which usually is a resonant tank circuit; 
an amplifying device, such as a tube or transistor, to control 
the small amounts of energy furnished during each cycle; 
and a feedback system which may be either a circuit net-
work or the interelectrode capacitance of a tube. 

FEUIACM ©EMMA 

RESONANT 
CIRCUIT 

FEEDBACK 

The type of oscillator discussed in this chapter produces 
an output waveform that is considered to be a sine wave. 
An oscillator producing such an output is sometimes called 
a sinusoidal oscillator. You will learn about nonsinusoidal 
oscillators later in this volume. 

Q42. An oscillator can be made by adding  
 to an amplifier. 

Q43. Another name for the resonant circuit in an oscil-
lator is the  

Q44. In what part of the oscillator do the actual oscilla-
tions take place? 

Q45. What usually starts the oscillations in an oscillator 
circuit? 
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A42. An oscillator can be made by adding positive feed-
back to an amplifier. 

A43. Another name for the resonant circuit in an oscil-
lator is the tank circuit. 

A44. The actual oscillations take place in the tank 
circuit. 

A45. Random noise usually starts the oscillations in an 
oscillator circuit. 

Hartley Oscillator 

One of the most common oscillator circuits is the Hartley. 
The circuit shown below is a shunt-fed Hartley oscillator, 
which has the advantage that all DC is blocked from the 
oscillating tank circuit by capacitors. 

Shunt-Fed Hartley Oscillator 

Random noise will produce small inputs to the parallel-
resonant circuit composed of LI, L0, and CI. This is the 
tank circuit. The noise input causes a circulating current 
to build up in this loop at the resonant frequency. A large 
current flows back and forth between the inductive and 
capacitive components at this frequency with only a small 
voltage applied. Notice that L2, the lower half of the tapped 
tank coil ( coil with a center connection), is also in the AC 
plate circuit. Thus, L0 serves to couple the AC energy in 
the plate circuit to the tank circuit by means of the mutual 
inductance (transformer action) between the two coil halves 
(LI and L.,). This produces an oscillating tank circuit (made 
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up of L,, L., and C1) and an amplifier. The DC in the plate 
circuit is blocked from the tank circuit by C4. 
The oscillating voltage in the tank circuit is coupled to 

the grid of the amplifier tube by RC coupling like that used 
between amplifier stages. The coupling network is composed 
of Co and Rg. Notice that the grid signal is taken from one 
end of the coil. The amplifier reverses the phase of this 
signal and returns it to the opposite end of the coil, where 
it is of the proper phase to increase the oscillations rather 
than cancel them. Varying the capacitance of C1 changes 
the resonant frequency of the tank circuit and thus the out-
put frequency of the oscillator. 

Colpitts Oscillator 

The Colpitts is another common oscillator circuit. This 
type of oscillator resembles the shunt-fed Hartley except 
that a split capacitor is used instead of a tapped coil. 

(:()1,PIT ().S(:11,1, T(In 

CIA, Cut, and L, make up the tank circuit. The resonant 
frequency of the tank is changed by varying CIA and C111. 
(These capacitors are usually on a common shaft so that 
both of them can be adjusted at the same time.) The output 
of the amplifier is introduced into the tank circuit through 
capacitors Co and C1B. The tank-circuit voltage is introduced 
into the grid of the amplifier by the coupling network con-
sisting of C3 and Rg. 

Q46. How is feedback obtained in a Hartley oscillator? 

Q47. How does a Colpitts oscillator differ from a Hart-
ley oscillator? 

Q48. How is feedback obtained in a Colpitts oscillator? 
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A46. Feedback is obtained in a Hartley oscillator by 
returning the amplifier output to part of the coil 
in the resonant circuit. 

A47. A Colpitts oscillator uses a split capacitor in the 
tank circuit. A Hartley oscillator uses a split coil 
in the tank circuit. 

A48. Feedback is obtained in a Colpitts oscillator by 
returning the amplifier output to part of the split 
capacitor in the resonant circuit. 

WHAT YOU HAVE LEARNED 

1. An amplifier is a circuit that acts like a valve, control-
ling a large amount of DC power to reproduce a small 
AC signal input. 

2. Tetrode and pentode amplifiers operate on the same 
basic principle as triode amplifiers. 

3. A DC operating point can be selected for a tube by 
examining the grid-characteristic curves of the tube. 

4. By drawing a load line on a set of plate characteristic 
curves, values of plate current and plate voltage for 
a given signal voltage can be obtained. 

5. The grid never goes positive in a class-A amplifier. 

6. For class-A amplifiers, grid bias should be such that 
the signal voltage is always on a linear portion of the 
grid characteristic curve. 

7. Class-B amplifiers are amplifiers in which the tubes 
conduct for about half the input cycle. 

8. Class-C amplifiers are amplifiers in which the tubes 
conduct for less than half an input cycle. 

9. The greater the load resistance of a tube amplifier, the 
greater is the voltage amplification. 

10. The greatest power amplification is obtained when the 

load resistance is equal to the plate resistance of the 
tube. 

11. An automatic grid-bias circuit varies grid bias as the 
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o 
Transistor Circuits 

When you have finished 
What You this chapter, you will 

know how to calculate the 
Will Learn voltage and power gain of 

a transistor amplifier. You 
will understand several biasing arrangements and will 
know how the appropriate biasing voltages and currents 
are selected. You will learn about RC coupling, trans-
former coupling, direct coupling, and tuned coupling of 
transistor amplifiers. 

TRANSISTOR AMPLIFIERS 

Like a triode vacuum tube, a transistor can amplify. This 
means that it can control the flow of a large current by using 
a small signal. An amplifier provides an output signal hav-
ing a greater amplitude than the input signal. Ideally, that 
is all it does; it leaves the shape of the signal waveform 
unchanged. If the output and input signals differ in any 
way other than amplitude, the amplifier is said to introduce 
distortion. 

Amplification, or gain, is measured by comparing the out-
put to the input. Care must be taken to compare the same 
quantities. The current gain is the output current divided 
by (compared with) the input current. The voltage gain is 
the output voltage divided by the input voltage. In order to 
have amplification, gain must be more than one. 
Any individual amplifier has quite different figures for 

current gain, voltage gain, and power gain. In transistor 
circuits, gain also depends on how the transistor is con-
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nected. It can be used in a common-emitter, common-base, 
or common-collector circuit. 

Current Gain 

In the chapter on transistors you learned that in a com-
mon-emitter amplifier circuit, such as shown below, the 

current gain is /3 = This is also called the common-

emitter, forward-current transfer ratio because, in a simple 
common-emitter circuit, it represents the current gain of 
the transistor ( if the collector voltage is held constant). 

COMMON-EMITTER CIRCUIT 

lb' 

As you know, a is the ratio of collector-current change to 

emitter-current change and is equal to It is also called 
AI, 

the common-base, forward-current transfer ratio. If the 
transistor were connected in a common-base circuit, a would 
represent its current gain (with the collector voltage held 
at a constant value). 
A transistor, when connected in a common-emitter circuit, 

has a current gain of s. This means that every change in 
the input (base-circuit) current is magnified # times in the 
collector circuit. Typical values of 13 range from 20 to 50. a 
(also called 4) and )3 (also called hi,.) are related to each 

other by the relations f3 = 
a 

1 — a 

anda—  13  
1 — pg • 

Voltage Gain 

In order to convert current amplification into voltage gain, 
it is necessary to know the resistances in the input and the 
output circuits. 
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In the diagram below, the load resistance is 11,,, and It, is 
the internal resistance of the AC signal source (ed. The 
signal current in the base circuit is Using Kirchhoff's 
law in the base circuit, the AC voltage between base and 
emitter is equal to the source voltage (eg) less the voltage 
drop across Rg, or eg — The base-emitter voltage is 
also where R, is the input resistance of the transistor. 
Remember that Ri is a property of the transistor and not a 
separate resistance in the circuit. 

COMMON-EMITTER CIRCUIT WITH AC 
SIGNAL SOURCE 

I b 

V be Vce 

The voltage across load resistance RT, (which is a separate 
property of the circuit) is àIeRT where àI,. is the signal cur-
rent in the collector circuit. 
The voltage gain can now be determined as the ratio of 

the voltage across the load resistance to the input voltage 

AI  between emitter and base, or àIRL . i Note that s not 13 
AIbRi M b 

because the collector voltage must be constant when lit is 
measured. 

Ql. When an amplifier changes the characteristics of a 
signal other than the amplitude, this is called 

Q2. When measuring the gain of an amplifier, output 
voltage must be compared with  
 , or output current must be compared 
with   

Q3. To what is the voltage gain of a common-emitter 
amplifier equal? 
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Your Answers Should Be: 

Al. When an amplifier changes the characteristics of a 
signal other than the amplitude, this is called 
distortion. 

A2. When measuring the gain of an amplifier, output 
voltage must be compared with input voltage, or 
output current must be compared with input cur-
rent. 

A3. The voltage gain of a common-emitter amplifier is 

equal to .RL  
AL,R, 

Signal Amplification 

Now try to determine the voltage gain of a common-base 
amplifier circuit. Again, the voltage from emitter to base is 
e„ minus the voltage across R, ; that is, e, — Ii.R„. This is also 

COMMON-BASE CIRCUIT WITH AC SIGNAL SOURCE 

equal to AL.Ri. The voltage across the load resistor is AIeRL. 

The voltage gain in this case is Note that in this 

case is not a because the collector voltage does not remain 
constant. 

Input Resistance 

The preceding gain formulas make use of transistor input 
impedance Ri. This is the AC base-to-emitter resistance. It 

AVb 
can be written as Ri = for the common-emitter circuit 

AV and Ri = be for the common-base circuit. Since Kirch-
AI, 
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hoff's law holds true in the input-loop circuit, the source 
voltage (eg) must be equal to the voltage drops across resist-
ance R„ and across the transistor-input resistance. From 

this, resistance RI can be figured as — 11, for the com-

mon-emitter circuit and the common-base circuit. The input 
resistance of a transistor is not a simple, fixed value that 
can be measured with an ohmmeter. 

Power Gain 

The power gain of a transistor amplifier can be calculated 
by multiplying the voltage gain by the current gain. The 
power gain of the common-emitter amplifier is therefore: 

( h AMU lc VR1, 
AIbA Alb) R, 

The power gain of the common-base amplifier is: 

AL/ R 

The various gain formulas for the different types of tran-
sistor amplifiers are shown in the following table. 

Common Emitter Common Base 

Current Gain A h Ph 

ph Ah 

Voltage Gain Aic IL A lc RL 
AL, RI Ale Ri 

Power Gain ( A lc VRL 
\ A ib I R. 

( AL VRL 

Q4. What happens to the voltage gain of a common-base 
amplifier as the load resistance increases? 

Q5. What effect would an increase in input resistance 
have on the voltage gain of a transistor amplifier? 

Q6. If you knew the current gain and the voltage gain 
of an amplifier, how would you determine the power 
gain? 
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A4. An increase in load resistance causes an increase 
in voltage gain, provided other factors do not 
change. 

A5. An increase in input resistance causes a decrease 
in voltage gain, provided other factors do not 
change. 

A6. Power gain of an amplifier may be obtained by 
multiplying the current gain times the voltage 
gain. 

OPERATING POINT 

So far only the AC operation of transistor amplifiers has 
been considered. In the chapter on semiconductor devices 
you learned about transistor-characteristic curves of col-
lector current (Ir) plotted against collector-emitter voltage 
(\Tr(.) for different constant values of base current (It)) 

CO
LL
EC
TO
R 

CU
RR
EN
T 
(
ma

) 

182 

8 

6 

4 

2 

o 

- LOAD ilk' FOR f12#1.115;TÓR' AMPliFIER 
i  

O 

Y 

LOAD LINE  

1  
- 50 

- 40 

_Ad  
I  
• 30 

5 10 15 
COLLECTOR VOLTAGE (\ice) 

z 

OPERATING POINT 

- 20 

I  • 10 

- 

I b • 0 (µa)-



When designing a transistor amplifier, it is often impor-
tant to make certain that the transistor will operate on a 
linear (straight-line) portion of the curve; otherwise, the 
output will be distorted. 
As with vacuum tubes, a set of transistor-characteristic 

curves can be used to determine the points on the curves 
between which it is desired for the transistor to operate. 
The point at which the load line intersects a suitable base-
current line is chosen as the operating point of the tran-
sistor. This means that with no signal input (the quiescent 
state of the amplifier), the collector current, collector-to-
emitter voltage, and base current will be at the values which 
determine the point on the curves. When a signal input is 
applied, the conditions change along a straight line passing 
through the operating point. The greater the input, the 
farther the operating conditions will swing from the oper-
ating point. The line along which the conditions move is the 
load line. Its slope is determined by the value of the load 
resistance. An example of an operating point and load line 
is shown on the opposite page. 
Notice how similar the determination of the operating 

points for a transistor amplifier is to finding the operat-
ing points for a triode vacuum-tube amplifier. 

Fixed Bias 

Having determined from the curves where the operating 
point should be, the correct voltages and currents must be 
provided for operation at this quiescent point. This method 
is similar to the one used with vacuum tubes. In that case, 
the correct plate and grid-bias voltages were provided. In a 
transistor, the biasing consists of supplying a forward-bias 
voltage across the emitter-base junction and a reverse-
bias voltage across the base-collector junction. These junc-
tion biases are essential for proper transistor operation. 

Q7. What is a load line? 

Q8. The point on the load line which shows the oper-
ating conditions of the transistor with no signal is 
the point. 

Q9. The slope of the load line is determined by the 
 of the  . 
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A7. A load line is a line drawn on a set of characteristic 
curves. It shows the path followed by the operating 
point when a signal is applied. 

A8. The point on the load line which shows the oper-
ating conditions of the transistor with no signal is 
the operating point. 

A9. The slope of the load line is determined by the 
resistance of the load resistor. 

To establish the operating point on the characteristic 
curve, the correct values of collector voltage and emitter 
current must be supplied. This can be done using only one 
battery, as shown below, resulting in a fixed-bias circuit. 

CIRCUIT FOR APPLYING FIXED BIAS 

OUTPUT 

The base-bias voltage is obtained from resistor 14. The 

resistance of RI, is V" E be . Since Ebe is usually small com-

pared to V11, it can be disregarded when determining biasing 
V 

voltages. So Rb Ib is the chosen quiescent base-cur-

rent value. RI, is usually between 100K and 1 meg. 

A disadvantage of the fixed-bias circuit is that the col-
lector current varies with temperature changes. In addition, 
the current may not be the same for all transistors of the 
same type. Generally, it is necessary to provide compensa-
tion for the temperature effects on which is a highly 
temperature-sensitive quantity. As the temperature in-
creases, the collector current also increases. This tends to 
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heat the transistor, thus causing a further current increase. 
If this chain reaction is allowed to continue, a condition 
called thermal runaway may occur, and the transistor will 
be destroyed by excessive heat. 
A temperature-compensating circuit is shown below. Al-

though its gain is not as great as that of the previous 
circuit, it is more stable. 

BIAS-STABILIZING CIRCUIT 

If I, increases in the above circuit, the voltage drop across 
It,. increases. Since the supply voltage (VB) is relatively 
constant, E,, must decrease as the voltage across Re in-
creases. The base-emitter junction and R1, are connected in 
series across E,.,.. Therefore, the base current depends on 
E,.,.. This means that as E,.,. decreases, base current and 
I,. decrease, and the original increase in I,. is opposed. 

Q10. If the operating temperature of a transistor rises, 
the collector current  

Q11. On the diagram above, trace the circuit that pro-
vides the base current. 

Q12. If I,. increases, the voltage drop across It,. 

Q13. If I,. increases, the voltage between emitter and 
base  

Q14. If the emitter-base voltage decreases, what effect 
will this have on the base current? 

Q15. What effect will a decrease in the base current 
have on Ic.? 
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A10. If the operating temperature of a transistor rises, 
the collector current increases. 

All. The heavy line shows the base-current path. 

Al2. If I,. increases, the voltage drop across R,. in-
creases. 

A13. If It. increases, the voltage between emitter and 
base decreases. 

A14. If the emitter-base voltage decreases, this causes 
the base current to decrease. 

A15. The decrease in base current will tend to decrease 
L. 

Emitter Stabilizing Resistor 

Another very common stabilizing circuit uses a resistor in 
series with the emitter. Such a circuit is shown in the figure 
on the next page. 

R, and R. form a voltage divider across voltage supply 

V,„ R2 providing the base with a voltage VA —  VB. 
R1 + R2 

(Current lb is assumed to be so small that it can be ne-
glected.) In order to have good compensation, VA must 
remain unaffected by variations in L. This is done by choos-
ing the resistance values so that the current through R1 
and R2 is much larger than Ib. 
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Resistor R,. in the emitter circuit causes Ei„. to be reduced 
if I, increases due to temperature changes. It does this 
because when I,. increases, the voltage across Re also in-
creases. When this happens, El„. is reduced because voltage 
VA is very nearly constant. A drop in then causes a 
decrease in I,, and in L. 

CIRCUIT USING EMITTER STABILIZING 

RESISTOR 
 o VB 

 0 OUTPUT 

+ VB 

Capacitor C,. is connected across 11,, to bypass the AC sig-
nal current. If this capacitor were not used, signal voltage 
would be present across R,.. If this happened, the action just 
described would tend to reduce the gain of the amplifier. 
This is one type of negative feedback and is the same action 
that takes place in a triode amplifier in which the cathode 
resistor is not bypassed. 
Although the input resistance of a common-emitter ampli-

fier is usually about 1,000 ohms, the voltage divider reduces 
this to about 750 ohms. 

Q16. Because of the voltage divider formed by resistors 
R1 and 11.,, the voltage between base and ground 
(VA) will always equal  

Q17. The voltage between base and emitter equals V. 
minus the voltage drop across resistor 

Q18. In the circuit above, what effect will an increase in 
collector current have on the voltage between the 
emitter and the base? 

Q19. In the circuit above, what effect will an increase in 
collector current have on base current? 
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A16. Because of the voltage divider formed by resistors 
RI and R2, the voltage between base and ground 
(VA) will always equal 

R2 v 

± R2 

A17. The voltage between base and emitter will equal 
VA minus the voltage drop across resistor R,.. 

A18. If the collector current increases, the voltage be-
tween the emitter and the base will then decrease. 

A19. If the collector current increases, the base current 
will then decrease. 

TWO-STAGE AMPLIFIERS 

Often a single-transistor amplifier will not give the neces-
sary amount of amplification. In this case, two or more 
amplifiers can be connected together to form a two-stage, 
three-stage, or longer chain. Each stage adds a share of 
amplification to the total. For the purpose of explanation, 
only two stages will be considered. 
To have a two-stage amplifier, some method for feeding 

the output of the first stage to the input of the second stage 
is needed. In choosing an interstage coupling network, the 
following factors must be considered. 
Frequency response—The network must have an equal 

effect on each of the desired frequencies. It is also some-
times necessary to filter out, or remove, all other frequen-
cies. The range of desired frequencies is called the passband. 
Impedance matching—The network should present the 

correct output impedance to the first stage for maximum 
gain. It should also present the correct impedance to the 
second-stage input so that maximum energy transfer can 
take place. 
Operating points—The two stages may require different 

voltages, currents, and polarities to establish their best oper-
ating points. The interstage coupling network should be 
such that the DC conditions in the separate stages are not 
affected by each other. 
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RC-Coupled Amplifiers 

The simple, small-signal, audio-frequency amplifier shown 
below has two stages with resistor-capacitor coupling. Each 
of the two stages is stabilized by the familiar voltage-divider 
method. 

RC-COUPLED TRANSISTOR AMPLIFIER 

The output of the first stage is developed as a voltage 
across the load resistor (R3) and is fed to the base circuit 
of the second stage through coupling capacitor C,.. This 
capacitor represents an open circuit to all DC voltages. Thus, 
the biasing circuits of the two stages are not influenced by 
the DC voltages on the other elements. 
The value of coupling capacitor C, determines the lower 

limit of the passband of the complete amplifier. There is no 
abrupt cutoff point. The response of the unit decreases grad-
ually as the frequency decreases. For practical purposes this 
lower frequency limit is usually taken as the frequency at 
which the capacitive reactance of C,. equals the total resist-
ance in series with C,.. This total resistance is the sum of 
the output resistance of the first stage and the input resist-
ance of the second stage. 

Q20. Which resistors stabilize the transistors in the 
circuit above? 

Q21. Can DC signals pass from stage to stage? Why? 

Q22. The capacitor does not pass --- frequencies 
readily. 
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A20. Resistors R4 and R7 provide stabilization. 

A21. DC signals cannot pass from stage to stage be-
cause the coupling capacitor blocks them. 

A22. The capacitor does not pass low frequencies 
readily. 

The gain of a two-stage amplifier is the product of the 
gains of the individual stages. If something is increased 25 
times and then the result of that increase is, in turn, in-
creased 25 times, the final result will be an increase of 625 
times the original quantity. If each stage of a two-stage 
transistor amplifier has a gain of 25, the total gain is 25 X 
25 = 625. 
The gain of each stage depends on its load resistance. 

When a second stage is connected to the output, the effective 
load resistance of the first stage is lowered. This is because 
the load resistance is in parallel with the input resistance 
of the next stage. 
Suppose the load resistor of the first stage is 3,000 ohms 

and the input resistance of the second stage is 1,000 ohms. 
The effective load resistance of the first stage is the parallel 

combination of these two resistances, or 3,000 >< 1,000 
3,000 ± 1,000 

750 ohms. The first-stage gain is then reduced by-750 , or 

0.75. 'If the first-stage gain was 25 before the second stage 

was added, then its actual gain is only 0.75 >< 25 = 18.75 
after the second stage is added. 

Transformer-Coupled Amplifier 

RC-coupled amplifiers are suitable for providing voltage 
amplification when the gain does not need to be very high. 
For somewhat higher gain, a transformer-coupled amplifier 
can be used, such as the circuit shown on the next page. 
Notice that the transformer does not pass DC. As with the 
RC-coupled amplifier, the gain of a transformer-coupled 
amplifier decreases at both the low- and high-frequency 
ends of the frequency range. 

In order to get maximum energy transfer from the first 
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stage to the second, it is desirable to choose a coupling 
transformer with a turns ratio that matches the output 
resistance of the first-stage transistor ( usually about 25K) 
to the lower input resistance of the second-stage transistor 
(about 1,000 ohms). 

TRANSFORMER-COUPLED TRANSISTOR 

AMPLIFIER 

Suppose the output impedance of the first stage is 25K 
and the input impedance of the second stage is 1,000 ohms. 
What turns ratio would the coupling transformer need? In 
a transformer, the impedance ratio is equal to the square of 
the turns ratio. The required turns ratio may be calculated 
as follows: 

N12 _ Z1 25,000 
N22 — Z2 1,000 

..\/N2 1 1 

The turns ratio should therefore be 5 to 1. 

Q23. If the gain of each stage of an amplifier is known, 
how would the gain of the amplifier be calculated? 

Q24. When RC coupling is used between two stages, 
what effect does adding the second stage have on 
the gain of the first stage? 

Q25. Transformer coupling permits   gain 
than RC coupling. 

Q26. How can impedance matching between amplifier 
stages be obtained? 
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A23. The gain of an amplifier is calculated by multiply-
ing the gain values of the individual stages in the 
amplifier. 

A24. When RC coupling is used between stages, the 
input impedance of the second stage is in parallel 
with the load resistance of the first stage. This 
reduces the load seen by the first stage and there-
fore reduces the gain of the first stage. 

A25. Transformer coupling permits greater gain than 
RC coupling. 

A26. A coupling transformer can be used to match the 
output impedance of the first stage to the input 
impedance of the second stage. 

Direct-Coupled Amplifiers 

It is sometimes necessary to amplify signals that include 
very low frequencies, even DC. Low frequencies and DC 

DIRECT-COUPLED TRANSISTOR AMPLIFIER 

INPUT 

OUTPUT 

+ 
cannot be amplified when capacitors or transformers are 
used for interstage coupling. But amplifiers can be coupled 
without using capacitors or transformers. Connecting the 
collector of the first stage directly to the base of the next 
stage, as shown above, is known as direct coupling. Such 
amplifiers are called direct-coupled amplifiers, direct-current 
amplifiers, or simply DC amplifiers. 
Coupling the collector of the first stage directly to the base 

of the second stage presents several special problems. The 
base of the second stage is placed at the same potential as 
the collector of the first stage. Such an arrangement is 
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acceptable only if the emitter and collector voltages of the 
second stage can be adjusted to provide the required oper-
ating bias. 

The fact that the biasing voltages of the two stages are 
not isolated from each other makes for a more complicated 
power-supply circuit. This is because the operating point 
for each stage must be adjusted without causing any inter-
action with the other stages. The power supplies must also 
be very accurate and stable. A DC amplifier will amplify 
DC voltages, so any power-supply variations will be trans-
mitted from stage to stage and thus affect the final output 
of the amplifier. 

The DC amplifier is usually intended to deliver an output 
that is proportional to the input signal. The amplification 
should be constant. It is very important that when the input 
is zero, the output is also zero. This is made difficult by the 
fact that there are no blocking capacitors or transformers 
between the stages. Any change in the operating point of 
one stage therefore affects all the other stages. Such a 
change may be brought about by temperature variations, 
which always affect the collector leakage current (I,„) of a 
transistor. 

As a result, it is very important to use good temperature 
compensating and stabilizing circuits in a DC amplifier. 
Otherwise drift results, and the output is no longer strictly 
proportional to the input. 

The resistors shown in the emitter leads are used for 
stabilization. There are no bypass capacitors because this 

circuit is used for low frequencies where the capacitors 
would have a very high reactance and therefore would not 
pass a signal. 

Q27. Why are RC- and transformer-coupled amplifiers 

not suitable for amplifying very low-frequency 
signals? 

Q28. When is it acceptable to connect the collector of 
one stage of a transistor amplifier directly to the 
base of the next stage? 

Q29. When the input to a DC amplifier is zero, the out-
put should be ----
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A27. RC- and transformer-coupled amplifiers are not 
suitable for amplifying very low-frequency signals 
because the coupling capacitors or transformers 
block these signals. 

A28. The collector of one stage may be connected to 
the base of a second stage if the emitter and col-
lector voltages of the second stage can be adjusted 
to maintain the proper bias. 

A29. When the input of a DC amplifier is zero, the out-
put should be zero. 

Complementary Circuits 

One way of coupling the stages of a DC amplifier takes 
advantage of the fact that there are two types of transis-
tors—PNP and NPN. This type of circuit alternates the 
two kinds and is known as a complementary circuit. 

COMPLEMENTARY DC-AMPLIFIER CIRCUIT 

In the NPN transistor of the first stage, the collector cur-
rent flows out of the transistor. In the base circuit of the 
second-stage PNP transistor, the base circuit flows into the 
transistor. If the NPN collector is coupled directly to the 
PNP base, the current between them flows in the same direc-
tion. (For simplicity the power supplies are not shown on 
the diagram.) 
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It is sometimes necessary to have a first-stage collector 
current that is considerably larger than the base current of 
the second stage. This can be taken care of by bypassing 
some of the current with a resistor, as shown below. 

COMPLEMENTARY AMPLIFIER WITH 

COLLECTOR CURRENT GREATER THAN 

BASE CURRENT 

Tuned Amplifiers 

Tuned amplifiers amplify only a narrow band of frequen-
cies ( i.e., a small frequency range as compared to the center 
frequency). Thus, tuned amplifiers are selective. 
Tuned amplifiers are used widely in communications appli-

cations, such as radio and television receivers, to amplify 
RF and IF frequencies. Tuned amplifiers make it possible 
to select one desired station from among a group of many 
stations whose signals may reach the receiver. Tuned cir-
cuits make possible the separation of sound and picture 
signals in a TV receiver. In transmitters, tuned amplifiers 
are used to generate large amounts of power at the assigned 
frequency of the station. 

Q30. In the circuit on the opposite page, what is the 
relationship between the base current of the second 
stage and the collector current of the first stage? 

Q31. What would be the purpose of a resistor between 
the base of the second stage and ground? 

Q32. Tuned amplifiers are designed to amplify only a 
  of frequencies. 
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A30. The base current of the second stage and the col-
lector current of the first stage are identical. 

A31. A resistor between the base of the second stage 
and ground would bypass some of the current so 
that the base current of the second stage would be 
less than the collector current of the first stage. 

A32. Tuned amplifiers are designed to amplify only a 
narrow hand of frequencies. 

Selectivity, or tuning, is achieved in tuned amplifiers by 
using coupling networks that are essentially filters. That is, 
they pass energy between stages only in a narrow frequency 
band and reject signals at all frequencies outside this band. 
These coupling networks are almost always parallel-resonant 
(tuned) circuits. A parallel-resonant circuit has a high 
impedance at and near its resonant frequency. The current 
output of the first stage develops a voltage across the tuned 
circuit only in a very narrow tuned band. Therefore the 
following stage receives an input current only for signals 
in this frequency band. 
The same principle is used in vacuum-tube tuned ampli-

fiers. These are easier to build because tube amplifiers have 
high input and output resistances. The problem is more diffi-
cult with transistors because they have a relatively low 
resistance at both input and output. When a transistor 
amplifier stage is coupled to a parallel-resonant circuit, the 
low resistance of the transistor reduces the Q of the resonant 
circuit. This reduces the selectivity. 
This makes it necessary to design a circuit that will some-

how match the resistances of the stages and still leave the 
effective Q of the coupling as high as possible for adequate 
selectivity. Such a circuit is shown on the next page. This 
is a single-tuned amplifier using a resonant circuit having a 
tertiary (third) winding. The tuned circuit (L.,C2) is trans-
former-coupled to the collector circuit of the first transistor 
through windings LI and L. It is coupled to the base circuit 
of the second transistor through windings L., and L3. To 
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secure the maximum energy transfer between stages, the 
winding ratios must match the first-transistor output resist-
ance to the second-transistor input resistance. 

Selectivity is provided in this circuit by tuned circuit 
L.,C0. When a signal at the resonant frequency is applied, 
a large current circulates between the capacitor and inductor 

Wiliriarerruurur AMPLIFIER 

L1 L2 

2 

L3 

of the tuned circuit. Energy is easily transferred to L3 by 
transformer action. At all other frequencies the circulating 
current is much less, and the energy transfer is very low. 

In actual practice, it is also necessary to use other com-
ponents in transistor circuits. One of the component net-
works often used is for counteracting signal feedback from 
output to input. Such components form what are known as 
unilateralization networks. 

Q33. A parallel-resonant circuit has a — — impedance 
at resonance. 

Q34. What effect does connecting a transistor-amplifier 
stage to a tuned circuit have on the Q of the tuned 
circuit? 

Q35. Another name for a third winding is  
winding. 

Q36. What determines the selectivity of a tuned ampli-
fier? 

Q37. Unilateralization networks are used to prevent 
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A33. A parallel-resonant circuit has a high impedance 
at resonance. 

A34. Connecting a transistor amplifier stage across a 
tuned circuit lowers the (4 of the circuit. 

A35. Another name for a third winding is tertiary 
winding. 

A36. The selectivity of a tuned amplifier is determined 
by the 41 of the resonant circuit. 

A37. Unilateralization networks are used to prevent 
feedback. 

WHAT YOU HAVE LEARNED 

1. The voltage gain of a transistor amplifier depends on 
its current gain and on the ratio of its load resistance 
to its input resistance. 

2. The input resistance of a transistor amplifier is a prop-
erty of a particular circuit. 

3. An operating point for a transistor is selected by draw-
ing a load line through a set of characteristic curves. 

4. To maintain the desired operating point, the appro-
priate base current, collector-emitter voltage, and col-
lector current must be provided. 

5. A fixed-bias circuit uses a single power source and 
voltage-dropping resistors. 

6. Voltage-divider stabilizing circuits can compensate for 
the effects of temperature changes. 

7. The low-frequency response of an RC-coupled amplifier 
is limited by the coupling capacitor. 

8. RC coupling passes only AC signals. 
9. Transformer coupling affects the frequency response of 

the amplifier and passes only AC. 

10. DC coupling will pass low-frequency or DC signals but 
complicates the biasing arrangements in doing so. 

11. NPN and PNP transistors can be combined in a DC-
coupled amplifier to simplify the biasing problems. 

12. Parallel-resonant circuits are used in tuned amplifiers. 
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Pulse Circuits 

What You 

Will Learn 

In this chapter you will 
learn how pulse circuits 

differ from sine-wave cir-
cuits. The importance of 
transient response in pulse 

circuits will be discussed. You will discover how pulse 
circuits can count, add numbers, shape waveforms, and 
act as switches. You will learn to recognize these cir-
cuits and how to diagram some of them. You will also 
learn some of the applications for pulse circuits. 

WHAT ARE PULSE CIRCUITS? 

You have already learned about power-supply circuits, in 
which AC is converted to specific DC voltages. You have 
also studied amplifier and oscillator circuits that are designed 
to generate and amplify sine-wave signals. These circuits 
are used extensively in electronics, especially in radiocom-
munications, television, and the reproduction of sound. 
By contrast, pulse circuits are designed to handle nonsi-

nusoidal signals. Typical signals found in pulse circuits are 
square waves, sawtooth waves, spike voltages, and wide rec-
tangular pulses. Pulse circuits are used to count and perform 
mathematical operations; for switching, for example in dial-
telephone systems; and to synchronize the operation of other 
circuits. In television and radar, for example, many differ-
ent circuits must be turned on and off at exactly the same 
moment for the system to operate properly. 

All pulse waveforms are actually complex combinations of 
sine-wave frequencies. This means that the frequency re-
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sponse of a circuit is important to proper pulse waveform 
reproduction. Pulse circuits must often respond well to a 
very wide band of frequencies. Pulse signals are often large 
compared to sine-wave signals, and signal levels often change 
from cutoff to saturation (from one end of the load line to 
the other) almost instantaneously. 

TRANSIENT OPERATION 

Transient operation describes the way circuits and compo-
nents react to rapid changes in signal level. In radio circuits, 
tubes and transistors usually operate along the linear por-
tion of their characteristic curves, and the transient opera-
tion of the tube or transistor is not very important. 
On the other hand, pulse-circuit operations normally in-

volve large signals. This means that amplifier operation may 
change very rapidly from a nonconducting state to the sat-
urated stage, or vice versa. The transient response of tube 
and transistor circuits in either of these extreme states is 
most important in pulse-circuit operation. 
The time required to turn a tube or transistor on may be 

as short as 0.08 to 0.10 microsecond. Turn-off time may be 
as short as 0.10 to 0.12 microsecond. But pulses often rise 
and fall sharply. Their entire duration may be measured in 
microseconds. Therefore, the time it takes for electrons to 

LIMITED TRANSIENT RESPONSE OF A 

TRANSISTOR 

-- INPUT SIGNAL 
CHANGES INSTANTLY 

OUTPUT CANNOT 
FOLLOW INPUT 

0.1 microsecond 

travel from cathode to plate in a vacuum tube is no longer 
negligible. For the same reason, the time for holes or elec-
trons to diffuse from emitter to collector in a transistor must 
be considered. 

Other factors affecting transient performance are the load 
impedance, the transistor- or tube-element capacitances, and 
the operating conditions before the arrival of the pulse. 
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TRANSISTOR TRANSIENT OPERATION 

The figure below shows an NPN transistor connected as a 
ommon-emitter amplifier. With switch SI as shown, the 
mitter-base junction is reverse-biased, and no collector cur-
ent flows. When S, is switched to the other position, the 

TRANSIENT RESPONSE OF A CIRCUIT 

rez  p ,..4r..»11 ME 
co cc 

c_) 

Rb 

1 

2 T  - R  

RISE TRAILING 
TIME EDGE 

TIME 

STORAGE 
TIME 

Toltage of battery B, forward-biases the emitter-base j une-
ion. The base current quickly reaches maximum. The col-
ector current also increases. The time required for it to 
ncrease from 10' ; to 90'; of maximum is the rise time. 
When SI is returned to its original position, the base cur-

ent drops quickly and overshoots. This reversal is due to 
,he minority carriers stored in the base during the forward-
)ias period. The reverse polarity of battery B., causes a 
•everse-current flow. The collector current does not change 
mmediately during base-voltage cutoff. This delay is called 
dorage time. It is the time required to collect the minority 
:arriers remaining in the base. 
As the current in the base decays, so does the current in 

:he collector. This portion of the waveform is referred to 
is the trailing edge. The time it takes the trailing edge to 
lecrease from 90'; to 10'; of the maximum collector cur-
ent is the decay time. 

Ql. What period might also be called "fall time"? 

Q2. Pulse signals usually have amplitudes. 

Q3. A pulse amplifier must have a  — — bandwidth. 
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Your Answers Should Be: 

Al. The decay time may also be called fall time. 

A2. Pulse signals usually have large amplitudes. 

A3. A pulse amplifier must have a wide bandwidth. 

TRANSISTOR STATES 

A transistor can be operated in the cutoff, active, or satu-
rated state. Consider the circuit below. In the cutoff state, 
no collector current flows. This condition exists when there 
is no current through the base-emitter junction. The active 
state is the operating condition of the transistor in which 
it can be used as an amplifier. This is the state you studied 
in an earlier chapter. In the saturated state the transistor 
has reached a point where an increase in the input can 
produce no further increase in the output. 

A PUISÉ-AMPLIFIER CIRCUIT 

With no signal applied to the base in the circuit above, no 
collector current flows (neglecting leakage). The transistor 
is in the cutoff state. With a large signal applied to the 
base, the transistor rapidly passes through the active state 
into the saturated state, and maximum current flows. The 
collector current rises at a rate that depends on capacitance, 
electron-hole diffusion time, and load impedance. The col-
lector voltage decreases due to the voltage drop across RI,. 
Now collector current is at maximum. The collector voltage 
is lower than the 2.5-volt base voltage. Both junctions are 
now forward-biased. 
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Cutoff occurs at the maximum-voltage end of the tran-
sistor load line ( see below). Saturation occurs near the 
maximum-current end, although the current at saturation 
never reaches the theoretical maximum. The cutoff and sat-

TRANSISTOR CHARACTERISTIC CURVES 
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uration regions are called the quiescent and stable states, 
respectively. When the emitter-base and collector-base junc-
tions are reverse-biased, the transistor is in the quiescent 
state. When both junctions are forward-biased, the tran-
sistor is in the saturated state. 

Q4. A transistor can be operated in the  , 
 , or  state. 

Q5. In the circuit just discussed, the collector voltage 
  when the collector current in-
creases. 

Q6. When both junctions are forward-biased, the tran-
sistor is in the state. 
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Your Answers Should Be: 

A4. A transistor can be operated in the cutoff, active, 
or saturated state. 

A5. In the circuit just discussed, the collector voltage 
decreases when the collector current increases. 

A6. When both junctions are forward-biased, the tran-
sistor is in the saturated state. 

PULSE GENERATION 

There are many ways of generating pulse signals. The 
telegraph key and the telephone dial are two common 
mechanical devices that are used in the generation of pulses. 
Both are simple switches that open and close circuits, thus 
generating rectangular pulses. 

Sawtooth Generator 

Accurately timed and shaped pulses are generated in elec-
tronic circuits. One good example is the sawtooth generator. 
Its operating frequency and output waveshape are controlled 
by the charging and discharging of an RC, RL, or RCL 
circuit. 

SAWTOOTH-GENERATOR ACTION 

DC SOURCE 

o 

OUTPUT DC SOURCE S -- OUTPUT 

immajl- c o • Uel o 

CHARGE DISCHARGE 

Most sawtooth generators use RC circuits. You have 
learned that a capacitor takes a certain amount of time to 
charge through a resistor. This time is determined by the 
RC time constant of the particular combination. If a capaci-
tor is charged until the voltage across it reaches a given 
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level and then allowed to discharge quickly, a sawtooth volt-
age results. The voltage gradually builds up until it reaches 
the discharge voltage—then it suddenly decreases to zero. 
The three requirements of a sawtooth generator are a power 
source, an RC circuit, and a voltage-controlled switch. 
A gas-filled tube called a thyratron can act as a voltage-

controlled switch. The thyratron conducts only when its 
plate voltage reaches a certain level. The more negative the 
grid is with respect to the cathode, the higher the plate 
potential must be to start conduction. After firing, the thy-
ratron continues to conduct until its plate voltage has 
dropped to a specific lower value, called the extinction poten-
tial. The extinction potential depends mainly on the type of 
tube used. 

\ 

A THYRA IRON SAWTOOTH GENERATOR 

During conduction, the thyatron has practically zero im-
pedance. When not conducting, the thyratron pfesents a 
very high impedance. With power applied to the RC circuit, 
the capacitor charges exponentially. When the capacitor 
voltage reaches the necessary potential, the thyratron con-
ducts. This discharges the capacitor quickly. When the plate 
voltage drops to the extinction potential, the thyratron stops 
conducting. This starts the charging cycle over again. The 
output voltage varies between the conduction and extinction 
voltages at a frequency determined by the time constant of 
the RC circuit, the supply voltage, and the grid voltage. 

Q7. What factors affect the frequency of a sawtooth 
generator? 
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Your Answer Should Be: 

A7. The frequency of a sawtooth generator is deter-
mined by the charging voltage applied to the RC 
circuit, by the R and C values (which determine 
the RC time constant), and by the grid voltage of 
the thyratron. 

Multivibrators 

The multivibrator is a circuit used to generate square or 
rectangular pulses. Like the sawtooth generator, its fre-
quency is determined by the time constant of an RC circuit. 
Like a conventional sine-wave oscillator, it makes use of 
positive feedback. 
A basic multivibrator is a simple two-stage, RC-coupled 

amplifier in which the output of the second stage is coupled 
back to the input of the first stage. This forms a closed 
loop. The output signal of the first stage (output 1) is RC-
coupled to the grid of the second stage ( input 2). The output 
signal of the second stage (output 2) is RC-coupled to the 
grid of the first stage ( input 1). 

Â MULTOMIALUICA COMCUIT 

OUTPU1 1 OUTPUT 2 
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How does this circuit work? When the B voltage is ap-
plied, both tubes begin to conduct, as in a normal amplifier. 
If the current in both tubes were precisely the same, that is 
all that would happen. However, because of slight differ-
ences in the tubes or other components, one tube will conduct 
a little more than the other. 

For example, if V1 begins to conduct slightly more than 
Vo, this increase in conduction becomes an input signal to 
Vo, causing Vo to conduct less. This decrease in conduction 
of V., then becomes an input signal to VI, causing it to con-
duct more heavily. This process continues until V. is very 
quickly cut off. 

IDEAL SWITCHING IN A M'ILTIVI8RATOR 

taj 

,)  
TIME 

TIME 

V, PLATE CURRENT V2 PLATE VOLTAGE 
The entire initial action—one tube reaching maximum 

conduction and the other being cut off—occurs almost in-
stantly. If the voltage across Vo is used as the output of 

this circuit, it will have changed from minimum to maxi-
mum value very quickly. 

Q8. If V1 begins to conduct slightly more than Vo, what 
happens to the voltage drop across 12, ? 

Q9. The plate of Vi becomes ( more, less) negative with 
respect to B+. 

Q10. When this signal is coupled through C1 to the grid 
of V2, the grid of Vo becomes more (positive, 
negative). 

Q11. This causes the plate current in Vo to  

Q12. This causes the voltage drop across Ro to 

Q13. The plate of Vo becomes (more, less) negative with 
respect to B+. 

Q14. When this signal is coupled through Co to the grid 
of V1, the grid of V1 becomes --- — 

Q15. What effect does this have on current through VI? 
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Your Answers Should Be: 

A8. If V, begins to conduct slightly more than V., the 
voltage drop across R, increases. 

A9. The plate of V, becomes more negative with re-
spect to B+. 

A10. When this signal is coupled through C, to the 
grid of V., the grid of V.. becomes more negative. 

All. This causes the plate current in V. to decrease. 

Al2. This causes the voltage drop across R, to decrease. 

A13. The plate of V. becomes less negative with respect 
to B+. 

A14. When the signal is coupled through C. to the grid 
of V,, the grid of V, becomes less negative. 

A15. This increases the current through VI. 

In the first step of the circuit action, V2 goes to cutoff and 
V, conducts heavily. When the tubes reach this steady state 
and the signals are no longer changing, the RC coupling is 
no longer effective. The voltage holding V, in its cutoff state 
will gradually diminish. 

DISCHARGE PATH IN A MULTIVIBRATOR 
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It is easy to see what happens if you look at the coupling 
between VI and V,. The grid of V, was driven negative by 
the changing plate voltage of VI, coupled through CI. When 
the plate voltage of VI stops changing, the grid of V, is held 
negative by the charge of coupling capacitor CI. But C1 dis-
charges gradually through V1, which is conducting heavily, 
and R4. When V, begins to conduct, a process exactly like 
the first step begins. VI is driven to cutoff, and Vo begins to 
conduct heavily. Then the coupling capacitor between V., 
and VI will discharge, and the cycle will repeat itself. 

To review, a basic multivibrator is two amplifiers RC-
coupled to each other. When they begin to operate, one is 
immediately driven to cutoff and the other conducts heavily. 
They continue in this state until the RC coupling network 
discharges enough to permit the cut-off amplifier to again 
conduct. When this happens, the first amplifier is driven to 
cutoff and the second conducts heavily. The two amplifiers 
continue to alternate conducting states at a rate determined 
by the time constant of the RC coupling networks. 

Q16. The rate at which C1 discharges is determined 
by the   of the RC coupling 
network. 

Q17. What happens to the current in V., as C1 dis-
charges? 

Q18. Draw a schematic of a basic multivibrator. Begin 
by drawing a two-stage, RC-coupled amplifier, and 
then add the extra coupling circuit. 
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Your Answers Should Be: 

A16. The rate at which C, discharges is determined by 
the time constant of the RC-coupled network. 

A17. As C1 discharges, the grid voltage of Vo decreases. 
When the grid voltage passes the cutoff level, V2 
begins to conduct. 

A18. Your schematic should look like this. 

Bistable Multivibrators 

A bistable multivibrator, or flip-flop, is a very useful varia-
tion of the basic multivibrator. As you will see later in this 
chapter, it is one of the basic circuits of digital computers. 
Like the basic multivibrator, the bistable multivibrator 

consists of a two-stage amplifier with its output coupled to 
its input. The difference between the two circuits is that the 
stages are direct-coupled instead of RC-coupled. Thus, there 
are no coupling capacitors to charge and discharge and con-
trol tube conduction. Once the circuit has assumed one 
state, it stays that way until an outside signal is applied 
to start the changeover process. Then the multivibrator 
"flips" or "flops" into the opposite state. 
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In the circuit below, a positive pulse at the trigger input 
will have no effect on the tube that is already conducting, 
but it will cause the cut-off tube to start conducting and thus 
initiate the changeover process. 

.a BLS Inu;-.IIULTH Inn aTon (THU IT 

Q19. Which tube in a bistable multivibrator will be 
affected by a negative pulse? How will it be 
affected? 

Q20. How many input pulses are required to produce a 
single output pulse from a bistable multivibrator? 
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Your Answers Should Be: 

A19. A negative pulse will cause the conducting tube to 
conduct less. This will, in turn, allow the other 

tube to start conducting a little, and the change-
over process will take place. 

A20. One input pulse is required to turn the cut-off tube 
of a bistable multivibrator on and a second input 
pulse is required to turn it off. Thus, two input 
pulses are required to produce one output pulse 
from a bistable multivibrator. 

PULSE-CIRCUIT APPLICATIONS 

One of the most important uses of pulse circuits is for 
various kinds of switching. In these applications, pulse cir-
cuits simply turn each other or other circuits on and off. 
Other pulse circuits are used for counting or to change the 
shape of waveforms. 

Electronic Switches 

An ideal switch has infinite resistance when open and zero 
resistance when closed. Also, it has a means of being opened 
and closed. Vacuum tubes and transistors can act as switches 
that are opened and closed electronically. Instead of increas-
ing and decreasing an output signal according to the varia-
tions of an input signal, the output is turned on or off. The 
tube or transistor is made to go from cutoff to saturation 
and vice versa instead of operating in its linear amplification 
region. 

Electronic switches operate much faster than mechanical 
switches. Using mechanical and relay switches in a device 
such as a computer would make it too slow to be useful. 
Electronic switches operate rapidly and silently, are more 
sensitive than mechanical ones, and have no moving parts 
or contacts to wear out. 

Vacuum-Tube Switch 

The illustration on the next page shows an electronic 
switch that can be turned on or off by a single pulse. The 
input signal will be amplified only when the electronic switch 
is closed. 
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The triode is connected to one of the outputs of the 
bistable multivibrator. When the multivibrator is in one 
state, the triode amplifies in the usual way. This is because 
of the voltage applied to the cathode. The amplifier can be 
turned off by applying a pulse to the multivibrator, causing 
it to change states. Now the multivibrator output applies 

A SIMPLE SWITCHING CIRCUIT 

SIGNAL 

INPUT 

SIGNAL 
OUTPUT 

a large positive voltage to the cathode. This has the same 
effect as making the grid negative, and the tube is cut off. 
Another pulse to the multivibrator causes it to change states 
again, the cathode of the tube is returned to its operating 
voltage and the tube is able to amplify. 

Q21. In switching circuits, tubes and transistors operate 
from to  

Q22. In the circuit above, switching action depends on 
changing the voltage of the  
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Your Answers Should Be: 

A21. In switching circuits, tubes and transistors oper-
ate from cutoff to saturation. 

A22. In the circuit above, switching action depends on 
changing the voltage of the cathode. 

Turning Circuits On and Off Automatically 

You have seen how an electronic switch can turn a device 
on or off. One practical example of automatic switching is 
in television. The picture-tube beam must be turned off and 
on 15,750 times a second. To do this, blanking pulses are 
sent out by the broadcasting station at this frequency. The 
receiver uses these pulses to operate an electronic switch. 
Each time a blanking pulse is received, the picture signal is 
interrupted to allow the electron beam to return across the 
picture tube in order to start a new line. If this arrange-
ment were not used, the returning beam would tend to fill 
in the dark areas in the picture. 

Gating Signals to Different Destinations 

More complicated switching actions are often performed 
by gate circuits. A gate circuit allows signals to go through 
only when certain conditions are satisfied, but no signals 
can pass when these conditions are not satisfied. 
Transistor gate circuits are used frequently in computer 

applications. They function as gates to direct signal flow to 
various points in the overall circuitry. Because they are able 
to determine computer operation from their input conditions, 
these circuits are referred to as logic circuits. AND gates 
and OR gates are two kinds used for logic operations. AND 
gates can use tubes, transistors, or semiconductor diodes, 
the latter being the most common. 
The AND gate shown on the opposite page requires that 

both inputs be present before an output is generated. With-
out signals, current flows from the negative battery terminal 
through the large resistor (R) and both diodes to ground. 
As a result, the output is a constant, small negative volt-

age. A negative pulse at point 1 reverse-biases diode CR,. 
But current still flows through diode CR,. Since R is very 
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large compared to the other two resistors, the output re-
mains almost unchanged. To see why this is true, notice 
that the total current flow is determined mainly by the re-
sistance of R. Therefore, the voltage drop across R changes 
only a small amount when CR, stops conducting. 
When negative pulses appear at points 1 and 2 at the same 

time, both diodes become reverse-biased. Current flow stops, 
and the output voltage becomes the same as the voltage of 

-LF 
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INPUTS 

-LI-

1111 JtIn 
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2 

— 

R 

CR 1 

CR2 

B 

OUTPUT 

the negative negative battery terminal for the duration of the input 
pulses. Therefore, to produce an output, pulse 1 AND pulse 
2 must be present. The condition necessary to produce an 
output from this AND gate is that two negative input pulses 
must occur at the same time. 

Q23. What is a gate circuit? 

Q24. In an AND circuit with two inputs, there is an out-
put only if two input pulses occur at (the same 
time, different times). 

Q25. The most common type of AND gate is the 

  type. 
Q26. Gate circuits ( are, are not) used in computers. 
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Your Answers Should Be: 

A23. A gate circuit is one which allows signals to go 
through only when certain conditions are satisfied. 

A24. In an AND circuit with two inputs there is an out-
put only if two input pulses occur at the same 
time. 

A25. The most common type of AND gate is the semi-
conductor-diode type. 

A26. Gate circuits are used in computers. 

The OR gate below requires either input 1 OR input 2 to 
produce an output. This circuit is used when many inputs 
are to be gated into a single circuit. 

L E j1 INPUT 2 

OUTPUT 

Frequency-Divider Circuits 

One of the most common functions of pulse circuits is 
counting. A step-counter or a frequency-divider circuit does 
this. Such a circuit may be used to count a given number of 
input pulses or to divide the frequency of input pulses into 
a lower frequency. A step counter is shown below. 

A PUISE-COUNTER CIRCUIT 
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When the first positive pulse is applied, electrons are 
removed from the left-hand plate of C,. This causes elec-
trons to move from the top plate of Co, through diode Vo, 
to the right-hand plate of CI. As a result, C, and Co become 
charged with the polarities shown. No electrons flow through 
V, because its plate is negative with respect to its cathode. 
At the end of the pulse, the input voltage returns to zero. 
Capacitor C, can now discharge through the pulse source 
and V,. The charge on C2 makes the cathode of Vo positive 
with respect to its plate. Therefore, Vo cannot conduct, and 
capacitor C2 cannot discharge. 
Each additional pulse causes an additional charge to be 

added to Co. As this cycle is repeated, the voltage across 
Co builds up in steps. 
Now suppose a thyratron or another voltage-sensitive 

switching device is connected across the output. When the 
voltage across Co reaches the desired value, the switching 
device closes and Co is discharged. The switching device then 
opens, and the entire process starts over. In this example, 
the switching device produces an output pulse for every five 
input pulses; the input frequency is divided by five. 

VOLTAGE AT MAXIMUM CHARGE 

CAPACITOR CHARGING 

CHARACTERISTIC 

TIME 

The figure above shows the way a capacitor charges. The 
dots show the voltage increase for each input pulse. The 
actual amount of voltage depends on the nature of the pulses 
and the circuit. It is not desirable to design the counter so 
that C2 discharges near its maximum-charge value. This is 
because each additional pulse causes a smaller increase in 
voltage, and it is difficult to be sure that the capacitor will 
discharge after the desired number of pulses. 

Q27. A counter circuit counts pulses by using them to 

Q28. Draw a counter circuit that uses solid-state diodes. 

Q29. What is an OR circuit? 



Your Answers Should Be: 

A27. A counter circuit counts pulses by using them to 
charge a capacitor. 

A28. 0_ 1( 
• >i 

I o 

---=:- 
A29. An OR circuit is a gating circuit that produces an 

output when a signal is applied to any of its 
inputs. 

Limiters 

The simplest limiting circuit is the positive crystal limiter. 
The input is a sine wave. The circuit allows only the nega-
tive half of the sine wave to pass. It blocks, or limits, the 
positive half—hence its name, positive limiter. Obviously, 
negative limiting is obtained by reversing the diode connec-
tions. This type of limiter uses zero voltage as its reference. 
However, other reference potentials can be used. 

SINE WAVES LIMITED AT ZERO VOLTS 

The vacuum-tube diode can be used to obtain a positive-
limited waveform at a positive potential. In other words, 
less than half of the input sine wave is removed. This is 
accomplished by keeping the cathode at the limiting value. 
The battery in the illustration maintains the cathode at 25 
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volts positive with respect to ground. When the sine-wave 
input rises to 25 volts, the plate voltage rises to this amount. 
The tube then begins to conduct. As the input voltage in-
creases, the plate current also increases. The voltage drop 
across R also increases, but the plate voltage cannot fall 
below 25 volts. Therefore, the plate voltage remains at 25 
volts. When the sine-wave voltage goes below 25 volts posi-
tive, the plate voltage follows the input voltage. 

A LIMITER CIRCUIT 

+100 

o 

-100 

o  

OUTPUT 

o 

When a pair of diodes is biased so that one is negative and 
the other positive, both positive and negative limiting are 
obtained. The output waveform is referred to as a trape-
zoidal waveform. 

A POSITIVE AND NEGATIVE LIMITING CIRCUIT 

INPUT 

 VV's#  

OUTPUT 

 o 

o 

Q30. How could the limiter circuit at the top of this 
page be used for negative limiting? 

Q31. Positive and negative limiting of a waveform can 
be obtained by using  
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Your Answers Should Be: 

A30. If the battery and diode connections were re-
versed, negative limiting would occur. In this case 
the reference voltage is —25 volts. The output 
voltage varies from —25 volts to 100 volts. The 
negative portion of the input sine wave is limited 
to —25 volts. 

A31. Positive and negative limiting of a waveform can 
be obtained by using two diodes. 

Squaring Circuit 

A typical squaring circuit is the Schmitt trigger shown 
here. This circuit can convert many input waveforms to a 
square-wave output. Note how it resembles a multivibrator 
circuit in its action. 

A SC/MITT-TRIGGER CIRCUIT 
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With no input, transistor X1 is cut off, and its collector 
voltage equals the battery voltage. This voltage is coupled 
to the base of X2 through R3. Transistor X. is therefore 
saturated. Due to the emitter current of X., the top of 
resistor 114 is positive. 
Now a sine-wave input is placed on the base of XI. The 

positive-going signal voltage soon exceeds the emitter volt-
age. This causes X1 to conduct. The X1-collector voltage 
drops slightly, and this change is coupled to the base of X,. 
This reduces the X,-emitter current slightly, and the top of 
resistor R4 becomes less positive. This causes X1 to conduct 
more. The current in transistor X1 increases regeneratively 
until X1 saturates. This immediately cuts off transistor X., 
and its collector voltage instantly rises to its maximum 
positive value. 

SCHMITT-

TRIGGER 
WAVEFORMS 

INPUT SIGNAL 

OV 

OUTPUT SIGNAL 

This state continues until the input sine wave goes nega-
tive. This reduces the X1-base forward bias to decrease the 
collector current. The X1-collector voltage rises. This change 
is coupled to the base of X., causing this transistor to con-
duct. This condition is aided by the rising potential at the 
top of resistor R4. Transistor X1 suddenly cuts off, and 
transistor X. suddenly saturates. The X2-collector voltage 
drops to its lowest value. Hence a square wave has been 
generated from the sine-wave input. 

Q32. The Schmitt trigger circuit produces a  
---- output from a sine-wave input. 

Q33. The transistors in a Schmitt trigger circuit switch 
between and  
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Your Answers Should Be: 

A32. The Schmitt trigger circuit produces a square-
wave output from a sine-wave input. 

A33. The transistors in a Schmitt trigger circuit switch 
between cutoff and sat u ra t ion. 

DC Restorer 

A DC restorer shifts a waveform to a level above or below 
a certain voltage. This is accomplished essentially by charg-
ing a capacitor to the desired level. This is also referred to 
as clamping the waveform to this level. 

A NEGATIVE DC RESTORER 

Because of the presence of the diode, electrons can flow 
easily into the capacitor when the input voltage is positive. 
However, the diode does not conduct in the opposite direc-
tion, so the discharge path is through the high resistance of 
R. Capacitor C therefore discharges only slightly between 
positive half cycles. This small amount of charge is replaced 
during the next positive half cycle. After a few cycles of the 
input voltage, capacitor C becomes charged to the peak volt-
age of the input sine wave. 
With the capacitor charged as shown on the circuit dia-

gram, the capacitor voltage subtracts from the input voltage 
when the input is positive. The voltages add when the input 
is negative. The result is that the output voltage is always 

222 



negative, reaching zero only when the input voltage is at 
its positive peak. 

In this way the entire waveform has been shifted below 
the zero level to clamp the top of the waveform to zero volts. 
This circuit is known as a negative DC restorer. A positive 
DC restorer can be obtained by reversing the diode. In this 

A POSITIVE DC RESTORER 

0•-•-•.1 

C 

INPUT 

- 

OUTPUT 

case the entire waveform is shifted above the zero level to 

clamp the bottom of the waveform to zero. 

Q34. Another name for shifting a waveform to a level 
above or below a certain voltage is  

Q35. Clamping depends primarily on   a 
capacitor. 

Q36. A positive DC restorer can be made from a nega-
tive DC restorer by  

• 
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Your Answers Should Be: 

A34. Another name for shifting a waveform to a level 
above or below a certain voltage is clamping. 

A35. Clamping depends primarily on charging a capac-
itor. 

A36. A positive DC restorer can be made from a nega-
tive DC restorer by reversing the diode. 

WHAT YOU HAVE LEARNED 

1. Pulse circuits are operated by large signals that are a 
combination of a wide range of sine-wave frequencies. 

2. This kind of operation places a tube or transistor in the 
nonlinear portion of its characteristic curve. 

3. Tubes and transistors are often driven rapidly from 
cutoff to saturation ; therefore, their transient response 
is quite important to circuit performance. 

4. Pulses instead of sinusoidal inputs are usually the pri-
mary signal sources in pulse circuits. 

5. Sine waves can be converted to pulses by Schmitt trig-
gers or other shaping circuits. 

6. Pulse circuits can be used to count, shape waveforms, 
switch circuits on and off rapidly, and perform logical 
functions. 

7. Pulse circuits are used extensively in computers, radar, 
and television, and in applications requiring logic oper-
ations. 

8. DC restorers are used to maintain the relationship of a 
waveform to some reference voltage. 
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Introduction 

This fourth volume in the series covers test equipment, 
a specialized but highly important part of the field of elec-
tronics. In addition to explaining how each type of measur-
ing equipment works, the text also discusses the proper way 
to use the instruments. Examples of practical applications 
are given. In this way your interest in the subject is main-
tained, and the learning process is made easier. Your study 
is centered around the principles and design of commonly 
used test instruments. Thus the knowledge you gain from 
this volume can be put to practical use in troubleshooting 
electrical and electronic equipment. 

WHAT YOU WILL LEARN 

The most important types of electronic test equipment are 
discussed in considerable detail in this volume. You will 
learn the operating principles of the voltmeter, ammeter, 
and ohmmeter, and you will see how the functions of these 
three instruments are combined in the multimeter. The 
operation of the basic meter movement is explained, and a 
discussion of meter-scale reading is included. The vacuum-
tube voltmeter is discussed extensively. 
You will learn that the oscilloscope is able to display 

waveforms for study and that for this reason it is a widely 
used test instrument. The way in which the oscilloscope 
functions is described in detail. The cathode-ray tube, saw-
tooth generator circuits, amplifiers, and other important 



parts of the oscilloscope are all discussed. The text explains 
the uses of the oscilloscope in making measurements and in 
troubleshooting. 
Tube and transistor testers are also covered. You will 

learn how they work, and you will be shown their capabili-
ties and their limitations. 
One chapter is devoted to bridge instruments. The dis-

cussion shows how they can be used to measure resistance, 
capacitance, and inductance. 
You will learn how signal generators provide a control-

lable signal source for use in troubleshooting and maintain-
ing electronic equipment. Both audio-frequency and radio-
frequency signal generators are discussed, and the text 
shows how each type can be effectively used. The proper 
way to align a radio receiver is given. The signal-substitu-
tion and signal-tracing methods of troubleshooting are ex-
plained. 
One of the most important uses of electronic test equip-

ment is in troubleshooting other electronic equipment. The 
final chapter of this volume is devoted to the subject of 
logical troubleshooting. You will learn how you can use 
test equipment along with your knowledge of electronics 
principles to conduct a systematic search for a defect in a 
piece of electronic equipment. 

WHAT YOU SHOULD KNOW BEFORE YOU START 

Before you study this book, it is essential that you have 
a good background in the principles of electricity and elec-
tronics, including the fundamentals of tube and transistor 
circuits. This background can be obtained by studying the 
first three volumes of this series. With the proper back-
ground, however, you should have no trouble understanding 
this text. All new terms are carefully defined. Enough math 
is used to give precise interpretation to important principles, 
but if you know how to add, subtract, multiply, and divide, 
the mathematical expressions will give you no trouble. 

WHY THE TEXT FORMAT WAS CHOSEN 

During the past few years, new concepts of learning have 
been developed under the common heading of programmed 



instruction. Although there are arguments for and against 
each of the several formats or styles of programmed text-
books, the value of programmed instruction itself has been 
proved to be sound. Most educators now seem to agree that 
the style of programming should be developed to fit the 
needs of teaching the particular subject. To help you pro-
gress successfully through this volume, a brief explanation 
of the programmed format follows. 
Each chapter is divided into small bits of information 

presented in a sequence that has proved best for learning 
purposes. Some of the information bits are very short—a 
single sentence in some cases. Others may include several 
paragraphs. The length of each presentation is determined 
by the nature of the concept being explained and the knowl-
edge the reader has gained up to that point. 
The text is designed around two-page segments. Facing 

pages include information on one or more concepts, complete 
with illustrations designed to clarify the word descriptions 
used. Self-testing questions are included in" most of these 
two-page segments. Many of these questions are in the form 
of statements requiring that you fill in one or more missing 
words; other questions are either multiple-choice or simple 
essay types. Answers are given on the succeeding page, so 
you will have the opportunity to check the accuracy of your 
response and verify what you have or have not learned be-
fore proceeding. When you find that your answer to a ques-
tion does not agree with that given, you should restudy the 
information to determine why your answer was incorrect. 
As you can see, this method of question-answer program-
ming insures that you will advance through the text as 
quickly as you are able to absorb what has been presented. 
The beginning of each chapter features a preview of its 

contents, and a review of the important points is contained 
at the end of the chapter. The preview gives you an idea 
of the purpose of the chapter—what you can expect to learn. 
This helps to give practical meaning to the information as 
it is presented. The review at the completion of the chapter 
summarizes its content so that you can locate and restudy 
those areas which have escaped your full comprehension. 
And, just as important, the review is a definite aid to reten-
tion and recall of what you have learned. 



HOW YOU SHOULD STUDY THIS TEXT 

Naturally, good study habits are important. You should 
set aside a specific time each day to study in an area where 
you can concentrate without being disturbed. Select a time 
when you are at your mental peak, a period when you feel 
most alert. 

Here are a few pointers you will find helpful in getting 
the most out of this volume. 

I. Read each sentence carefully and deliberately. There 
are no unnecessary words or phrases ; each sentence pre-
sents or supports a thought which is important to your 
understanding of electricity and electronics. 

2. When you are referred to or come to an illustration, 
stop at the end of the sentence you are reading and 
study the illustration. Make sure you have a mental 
picture of its general content. Then continue reading, 
returning to the illustration each time a detailed 
examination is required. The drawings were especially 
planned to reinforce your understanding of the subject. 

3. At the bottom of most right-hand pages you will find 
one or more questions to be answered. Some of these 
contain "fill-in" blanks. Since more than one word might 
logically fill a given blank, the number of dashes indi-
cates the number of letters in the desired word. In 
answering the questions, it is important that you 
actually do so in writing, either in the book or on a 
separate sheet of paper. The physical act of writing 
the answers provides greater retention than merely 
thinking the answer. Writing will not become a chore 
since most of the required answers are short. 

4. Answer all questions in a section before turning the 
page to check the accuracy of your responses. Refer to 
any of the material you have read if you need help. If 
you don't know the answer even after a quick review 
of the related text, finish answering any remaining 
questions. If the answers to any questions you skipped 
still haven't come to you, turn the page and check the 
answer section. 



5. When you have answered a question incorrectly, return 
to the appropriate paragraph or page and restudy the 
material. Knowing the correct answer to a question is 
less important than understanding why it is correct. 
Each section of new material is based on previously 
presented information. If there is a weak link in this 
chain, the later material will be more difficult to 
understand. 

6. In some instances, the text describes certain principles 
in terms of the results of simple experiments. The in-
formation is presented so that you will gain knowledge 
whether you perform the experiments or not. However, 
you will gain a greater understanding of the subject if 
you do perform the suggested experiments. 

7. Carefully study the review, "What You Have Learned," 
at the end of each chapter. This review will help you 
gauge your knowledge of the information in the chapter 
and actually reinforce your knowledge. When you run 
across statements you don't completely understand, 
reread the sections relating to these statements, and 
recheck the questions and answers before going to the 
next chapter. 

This volume has been carefully planned to make the learn-
ing process as easy as possible. Naturally, a certain amount 
of effort on your part is required if you are to obtain the 
maximum benefit from the book. However, if you follow the 
pointers just given, your efforts will be well rewarded, and 
you will find that your study of electricity and electronics 
will be a pleasant and interesting experience. 
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1 
NIultirrieters 

In this chapter you will 
What You learn the functions and 

operations of the multi-
Will Learn meter, the instrument most 

frequently used by all elec-
tronic technicians. After finishing this chapter, you will 
be able to measure voltage, current, resistance, and 
(with some multimeters) other electrical characteristics. 
You will learn how to use this instrument for its in-
tended purpose, the transfer of information from the 
circuit to the technician. 

TEST EQUIPMENT MOST OFTEN USED 

There are several basic classes of test equipment. The 
multimeter is an example of one class; oscilloscopes repre-
sent another. There are many types, or models, in each 
class. Some types have greater precision than others. Some 
instruments are easier to set up or use than others. Equip-
ment may also vary in the type or amount of information 
that the instrument can provide. 
Types of instruments within a test-equipment class may 

vary, but the way they function and the procedures for using 
them correctly are basically the same. For this reason there 
is no need to learn the step-by-step procedures for using each 
of the hundreds of different models. A technician can gain 
ability in electronics by first learning a set of underlying 
fundamentals and then developing skill through practice in 
applying them. 
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BASIC CONCEPTS 

A multimeter combines the features of a voltmeter, an 
ammeter, and an ohmmeter in a single instrument having 
but one meter movement. 

A MULT1METER IS SEVERAL METERS IN ONE 

i+ + 

A multimeter can be used to measure voltage, current, and 
resistance within the limits of several ranges of values. From 
the technician's point of view, all multimeters consist of 
three basic sections—meter, circuitry, and front panel. 
The meter coil moves a pointer across a calibrated scale 

to a mark that indicates the measurement being taken. The 
circuitry is a network of components that determines the 
functions (ohmmeter, ammeter, voltmeter) and ranges. The 
front panel contains the controls and jacks that permit 
operation of the instrument. 
Most meters have moving-coil movements. As the name 

implies, the movement has a coil of wire that is free to 
rotate between the north- and south-seeking poles of a per-
manent magnet. Current flowing through the coil sets up a 
magnetic field. This field reacts with the field existing be-
tween the poles of the magnet and causes the coil to rotate. 
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A pointer attached to the coil moves to a position on the 
meter scale; the position of the pointer depends on the 
amount of current passing through the coil. 

BASIC CONSTRUCTION OF A METER 
YOKE SUPPORTS POLES AND 
FORMS PART OF HORSESHOE 

ZERO COIL CURRENT 

PINS 
TO LIMIT 
MOVEMENT 
OF METER 

PERMANENT 
MAGNET  

STATIONARY METAL 
CORE ESTABLISHES 
UNIFORM MAGNET .0 
FIELD BETWEEN POIS. 

SCALE DESIGNED TO READ IN STEPS 
DIRECTLY PROPORTIONAL TO CURRENT 

FLOWING THROUGH METER COIL 

HALF 
SCALE FULL 

SCALE 

GAP 

MAXIMUM COIL CURRENT 

NON—MAGNETIC MATERIAL 
ATTACHED TO BOTH POLE 

PIECES HAS BEARING 
FOR ROTATING COIL AND 

HOLDS ONE END OF SPRING. 

CALI BRATED SPRING 
IS ADJUSTED TO CONTROL 

SMOOTH MOVEMENT OF COIL 
AND POINTER. IT RETURNS COIL 
AND POINTER TO ZERO. SPRINGS 

(ONE ON EACH END OF COIL) 
FORM PATH OF CURRENT TO COIL. 

I 

Meitimeler 

Ql. What are the ammeter ranges in the above meter? 

Q2. What is the maximum voltage measurement? 

Q3. How many ohmmeter ranges does it have? 

Q4. What is the maximum resistance reading? 
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Your Answers Should Be: 

Al. 0-10 ma, 0-250 ma, and 0-500 ma 

A2. 500 volts 

A3. Three 

A4. 

Meter Torque 

When a small current passes through the coil, a weak 
magnetic field is produced. This causes a small turning force 
(torque) to exist between the coil field and the permanent 
field. Thus the coil and pointer rotate a small amount. A 
larger current through the coil produces a stronger magnetic 
field around the coil, a greater torque, and more rotation of 
the coil and pointer. 

Meter Coil 

The meter coil is formed of fine wire wrapped on a rectan-
gular aluminum frame. The coil frame is mounted so that 
it can rotate freely in the gap between the core and the 
poles. In some meters a screw on the front panel (just above 
the pointer axis) permits accurate adjustment of the pointer 
position. The pointer should read zero (ammeter and volt-
meter scales) when no current is flowing through the coil. 

Meter Sensitivity 

Meter sensitivity is expressed in two ways—current sen-
sitivity and ohms-per-volt sensitivity. Current sensitivity is 
determined by the amount of current required by the meter 
movement to cause full-scale deflection of the pointer. Ohms-
per-volt sensitivity expresses the amount of resistance ( in 
ohms) that must be in series with the meter when full-scale 
deflection occurs with 1 volt applied. 
Current Sensitivity—Current sensitivity depends on the 

number of turns in the meter coil. It also depends on 
the strength of the permanent-magnet field. 
Current sensitivity is expressed as the number of milli-

amps (ma) or microamps (/La) required for full-scale deflec-
tion. Typical meter movements have current sensitivities of 
1 ma and 50 pe. 
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Ohms-per-Volt Sensitivity—Ohms-per-volt sensitivity is 
determined by the total resistance that must be in series in 
the meter circuit to obtain full-scale deflection when 1 volt 
is applied. The resistance value can be determined by Ohm's 
law: 

11 (ohms/volt) —  E (1 volt)  
I (current sensitivity) 

For a 50-ea (0.00005 amp) meter, the resistance is 20,000 
ohms, resulting in a sensitivity of 20,000 ohms per volt. 

OHMS-PER-VOLT SENSITIVITY 
lma 5q.ta 

1 VOLT = 1 VOLT = _ _ 

1 VOLT 1 VOT  
R • 1,0000/VOLT R • 0.00005LAMP 20' 000QIVOLT 0.001 AMP  

Q5. What causes the meter pointer to move? 

Q6. If the permanent magnetic field between the pole 
pieces decreases in strength, the meter will give 
readings that are (more than, less than, the same 
as) those given before. 

Q7. Which meter will have a greater number of turns 
in its coil, a 40-e or a 2-ma movement? 

Q8. If the coil rotates, how does current get from the 
meter circuitry to the coil? 

Q9. What is the ohms-per-volt sensitivity of a meter 
with a current sensitivity of 2 ma? 

Q10. If the resistance in a DC voltmeter circuit is 10,000 
ohms for full-scale deflection at 1 volt, what value 
of resistance must be substituted to measure 10 
volts full scale? 

21 



Your Answers Should Be: 

A5. Torque, resulting from the reaction between the 
magnetic fields of the coil and the pole pieces, 
causes the meter pointer to move. 

A6. A decrease of the magnetic field strength of the 
pole pieces will cause the meter to give readings 
less than those given before. 

A7. The 40-sa meter movement will have a greater 
number of turns in its coil. 

A8. Calibrated springs, one at each end of the coil, 
form the current path to the coil. 

A9. A meter movement of 2 ma has a sensitivity of 
500 ohms per volt. 

A10. 100,000 ohms 

Meter Circuitry 

A meter is a current-reading device. To provide accurate 
readings, the electrical values of its circuit components must 
be fairly precise. The circuit design must provide for all of 
the types of measurements to be made by the meter. 

If a meter measured only one characteristic ( voltage, cur-
rent, or resistance) and if it had only a single range ( 10V, 
1 ma, or 1,000 ohms, for example), the design would be rela-
tively simple. Without considering ranges, there are four 
basic types of circuits found in multimeters. 

DC M ILL I AMMETER 

SHUNT 
RESI STANCE 

OHMMETER 

SERIES 
RESISTANCE 

BATTERY 

DC VOLTMETER 

(11.. .....-----, 

SERIES 
RESI STANCE 

AC VOLTMETER 

SERIES 
RESI STANCE 

RECTIFIER 
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Meter-Circuit Components—The figure on the opposite 
page shows that multimeter circuitry requires series and/or 
shunt resistances, a battery for measuring ohms, and a diode 
for limiting current direction when measuring AC voltage. 
To obtain different ranges for volts, amps, or ohms, resist-
ances of selected values must be used in the circuit. The 
circuits are connected to front-panel controls that provide 
means of selecting the desired function and range. 
Rotary Wafer Switches—These switches are often used to 

provide range selection. As seen in the schematic diagram 
below, a metallic wafer can be rotated to one of several posi-
tions. The blade of the wafer engages taps, or contacts, that 
are connected to appropriate parts of the circuit. 

CIRCUIT WITH A WAFER SWITCH 

R4 

A multimeter may have only a single rotary switch with 
enough wafers to select both the function (ohmmeter, mil-
liammeter, DC voltmeter, or AC voltmeter) and the appro-
priate range for each function. In a multimeter having two 
rotary switches, one switch usually selects the meter func-
tion, and the other selects the range. 

Q11. In the schematic above, to which resistance is the 
positive test lead connected? 

Q12. What multimeter function does the circuit provide? 
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Your Answers Should Be: 

All. The test lead is connected to R.». 

Al2. The switch and circuitry indicate that the circuit 
can be used to measure DC volts. 

Ganged Rotary Switches—The schematic below shows an-
other method of representing rotary switches. It indicates 
how a pair of switches (St and S.,) might be used to make 
all the necessary connections in a multimeter. The dashed 
line shows that the S, switch sections are ganged. That is, 
the wafers are mechanically connected to the same shaft 
and stacked in decks along the shaft. 

GANGED ROTARY SWITCHES 

METER FRONT PANEL 

The front panel of a multimeter has a scale for reading 

values, and provision for setting, or adjusting, the position 
of the pointer. Means for selecting the type of measure-
ment to be taken and the desired ranges are also provided. 
Jacks for inserting test leads are mounted on the panel. 
One means of selecting measurement and range scales was 

shown above—rotary wafer switches. In some multimeters 
a combination of a rotary switch and pin jacks is used. The 
switch selects the desired range. The red test lead is in-
serted in a pin jack marked with the quantity to be meas-
ured, and the black test lead is placed in the pin jack marked 
COMMON or —. 
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Another method often used employs a number of pin jacks 
on the front panel. Test leads are inserted in the desired 
positions—one in the jack marked COMMON and the other 
in the jack marked with the desired measurement. A sche-
matic diagram of a circuit for DC voltage and current meas-
urement using this arrangement is shown below. 

MULTIMETER WITH PIN JACKS 

4 ma 

0  

40 ma 

100 ma 

400 ma 

1.000 ma 
5 

 •••iVN/Se---C) 

R 6 

R 7 

4V 

1- ma METER 10V 

R 8 

PI N JACK 40V 

R 9 

100V 

R 10 

400V 

R11 

@ COMMON 1.000V 

Whatever the arrangement might be, always check the 
settings before taking a measurement. If the switch is posi-
tioned in the wrong function or in too low a range, the meter 
could be damaged. 

Q13. If the test leads were in the COMMON and 400 ma 
jacks in the above schematic, what resistances 
would be shunting the meter? 

Q14. With the test leads in the COMMON and 1,000V 
jacks, current will flow through the meter and 
which resistances? 

Q15. With the voltage values shown, which resistance 
would have the larger value, 118 or Re? 
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Your Answers Should Be: 

A13. R. and R5 would be shunted across the meter. RI, 
and R3 would be in series with the meter. 

A14. Current will flow through RI, R2, R3, R., R5, and 
R11. 

A15. R9 would be larger than Rg. 

CURRENT AND VOLTAGE SCALES 

Scales on a multimeter are usually calibrated to measure 
the quantities marked on the selection switches or jacks. A 
single scale can be used for more than one function and 
range. If a separate scale were used for each type of meas-
urement and each range, the meter face would be cluttered 
and difficult to read. The types of measurements you have 
learned about thus far can be made using a meter face with 
either two or three scales. 

METER FACE WITH TWO SCALES 

AC- DC VOLTS 

DC MILLIAMPERES 
eb 

'fbr 

The figure above shows a two-scale meter—one scale for 
ohms and the other for AC-DC voltage and DC current. The 
lower scale is calibrated so that each mark has two values. 
The value to use depends on the selected range. A meter 
with three scales would probably have separate scales for 
OHMS, DC VOLTS and MILLIAMPS, and AC VOLTS. Each 
of the separate scales for the different functions may have 
more than one set of numbers for the divisions on the scales. 
Thus, it is possible to read values on more than one range 
for each function. 
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Multimeter scales for reading voltage or current are 
usually linear. This means that the divisions on the scale 
are spaced equal distances apart. On a scale that measures 
from 0 to 100, for example, the halfway mark would be 50. 
Midway between 0 and 50 is 25. If major divisions are 
marked off in smaller units, the spaces between subdivisions 
are also equal. 

Reading Linear Scales 

A linear scale is not difficult to read if care is taken. To 
keep the scale uncluttered, only the major divisions are 
numbered. If the pointer rests between numbers or marks, 
the correct quantity can easily be estimated by determining 
the units in which the subdivisions are calibrated. 
Major divisions are 0, 25, 50, 75, and 100 on the scale 

below. The magnified portion shows subdivisions of five 
units each. There are additional marks halfway between 
these subdivisions. 

Q16. The solid pointer in the diagram above is between 
65 and 70 and slightly beyond the midmark. The 
meter reads 68. What is the reading indicated by 
the dotted pointer? 

Q17. The solid pointer reads 78 in the above diagram. 
What does the dotted pointer read? 
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Your Answers Should Be: 

A16. 58 

A17. 73 

Linear-Scale Markings 

There is no standard system for marking linear scales. 
The left end of the scale is usually zero. On rare occasions, 
however, zero may be on the right end. This only means the 
pointer will move from right to left. The other end may be 
10, 15, 25, 40, 50, 60, 100, or some other number. To use 
the scale, determine the quantity contained between num-
bered markings and the values of the indicated subdivisions. 
You should have no trouble if you make this determination 
with care. Estimating readings between markings will be 
no more difficult than your readings on the previous page. 

MULTIMETER ACCURACY 

The electrical values of components are never precise. You 
have learned that resistors vary as much as ±20% of the 
stated ohmic value. Better resistors have tolerances of 10 
and 5%. The tolerance rating of the resistors used in the 
multimeter affects the accuracy of the meter readings. 

10 0, 000Q 

TEST- LEAD JACKS - 

In the diagram above, a 100,000-ohm resistor was selected 
to give a full-scale meter reading of 100 volts. If the resistor 
had a tolerance of 20 %, the full-scale reading could be off 
about 20 volts in either direction. A 10'; resistor could 
cause readings between the extremes of about 90 volts and 
110 volts. A 5% resistor could result in an error of 5 volts 
above or below 100 volts. None of these readings would be 
close enough for most purposes. 
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Most multimeters employ ± 1; resistors. In the example 
given, a 100-volt reading would not be off more than 1 volt, 
a 1' error. This is close enough for most measurements. 
The meter movement itself may give some error. For 

example, its readings might be off 1 volt throughout the 
100-volt scale. One volt off at 100 volts is a 1 cA error, but 
a 1-volt difference at 10 volts is a 10' ; error. For this rea-
son, voltage and current readings should be taken on the 
upper half of the scale if possible. 

LINEAR-SCALE RANGES 

It is sometimes necessary to take measurements as high 
as 100 volts or even 1,000 volts; at other times a reading of 

only a few volts will be called for. A 1,000-volt scale would 
provide any of these readings, but the accuracy of a 6-volt 
measurement would be very poor. Also, small differences on 
a 1,000-volt scale would be difficult to read. To overcome 
these limitations, multimeters have several ranges. 

Multiple-Range Scale Reading 

The scale below is marked in divisions from 0 through 10. 
When the range selector is set for 10V, the exact measure-
ment is read directly from the actual scale markings. If the 

selector is set on 100V, the scale readings are multiplied by 
10 to obtain the measured value. If 10 volts were the meas-
ured value, the pointer would show a full-scale reading if the 
meter were on the 10V range. On the 100V range the pointer 
would come to rest over the 1 mark-10 times 1 equals 10 
volts. 

Q18. What voltage is being measured with the pointer 
and range settings shown in the diagram? 

Q19. A multimeter has ranges of 10V, 50V, 100V, and 
500V. Which range should be used to read 45V? 
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Your Answers Should Be: 

A18. 850V. 

A19. The 50V range. 

Dual-Marked Scales 

Another example is a single scale having two values for 
each of its markings. This type is used in multimeters whose 
ranges are not multiples of ten times a single full-scale quan-
tity. Study the scale and range settings in the diagram 
below. The principles used in the preceding example still 

/0 

apply. With the range shown, the meter reads 32.5 volts. 

Multimeasurement Scales 

A linear scale can be used to measure more than one elec-
trical characteristic. The preceding examples used voltage 
readings. These could have been either AC or DC volts as 
far as the scale or range settings were concerned. The same 
scale can also be used to read milliamperes. Appropriate 
switches on a multimeter might look like the following. 

MUITIMETER SWITCHES 
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Measurement Precautions 

When making a measurement, make a habit of taking the 
reading first on the highest-value range. Such a precaution 
prevents damage to the meter. For example, a 500-volt 
measurement taken at a 10-volt range setting will cause 
excessive current to pass through the meter coil. This will 
result in either burning out the coil or bending the pointer 
against the retarding pin. Therefore, unless you are abso-
lutely certain of what range to use, set the multimeter for 
the highest-value range to take the first reading. 

OHMMETER SCALES 

The scale and range selection for the resistance-reading 
portion of the multimeter are a little different from those 
already discussed. The scale reads from 0 to infinity ( oo) 
instead of from 0 to some number. Unlike the volt and mil-
liampere scales, the resistance scale is not linear. Range 
selection is indicated by multipliers (R X 1, R X 10, R X 
100, etc.) instead of a quantity indicating full-scale deflec-
tion. These differences will become apparent as you examine 
the basic ohmmeter circuit shown below. 

BASIC OHMMETER CIRCUIT 

Q20. On which range should a meter be set when mak-
ing the first measurement of a circuit quantity? 

Q21. Your meter has range settings of 10V, 50V, 100V, 
and 500V. You wish to measure the voltage across 
a load and suspect a voltage of 90V. To which 
range should you set your meter to read this 
voltage? 
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Your Answers Should Be: 

A20. When taking the first reading, set the meter on 
the highest range for the meter function being 
used. 

A21. The meter should first be set on the 500V range. 
This setting will insure against meter damage. 

Ohmmeter Circuits 
An ohmmeter circuit must supply its own source of cur-

rent. Usually a self-contained battery is used for this pur-
pose. The voltage, of the battery is determined by the 
sensitivity of the meter, the arrangement of the series and 
shunt resistors in the circuit, and the size of the external 
resistance to be measured. Depending on the design of the 
ohmmeter, the battery might be from 1.5 to 45 volts. 

in the circuit on the preceding page is a current-limit-
ing resistance in series with the meter. Its value is deter-
mined by the amount of current required to cause full-scale 
deflection. RA and Rs form a shunt across the meter. There-
fore, only a fraction of the total current in the circuit flows 
through the meter. The current through the meter is deter-
mined by the ratio of the meter resistance to the shunt 
resistance. RA, controlled by the zero-ohms-adjust knob on 
the panel, establishes the value of total shunt resistance 
that will cause the meter to register accurate readings. 

Determining Ohmmeter-Scale Markings 

In the diagram below, resistance values in the parallel net-
work—R 1 (meter resistance), Rs (shunt resistance), and 
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RA (zero ohms adjust)--are such that full-scale pointer 
deflection will occur when 1 ma enters the network. If the 
battery voltage is 1.5V and the circuit resistance is 1,500 
ohms, 1 ma (I = E/R) will flow when the test leads are 
shorted (touched together). The meter will show full-scale 
deflection of the pointer, or zero ohms. When the test leads 
are parted, no current flows, and the pointer returns to its 
normal position. The ohmic reading becomes infinity (00). 
This is the reason for zero being at the right-hand end on 
most ohmmeter scales. 
Using Ohm's laW, plot the value of current and resulting 

scale positions when resistances (Rs) of 500, 1,500, and 
4,500 ohms are measured. If Its is 5002 and the resistance 
of the ohmmeter circuit is 1,500(2, the total resistance is 

2,000a 
1.5V  — 0.00075 amp, or 0.75 ma 

2,000o 
As far as the meter is concerned, it will receive the same 

ratio (or fraction) of any current flowing into the parallel 
network. Since 1 ma is required for full-scale deflection, 0.75 
ma will move the pointer to three-fourths of full scale. Cal-
culating current for the other values of resistance, you 
should be able to plot a chart that looks like this. 

Rx RI, RT IT 
Scale 

Deflection 

0 1,500 1,500 1 ma Full 

500 1,500 2,000 0.75 ma 3/4 

1,500 1,500 3,000 0.50 ma 1/2  

4,500 1,500 6,000 0.25 ma 1/4 

Inf. 1,500 Inf. 0.00 ma Zero 

Q22. What factors determine the voltage of an ohm-
meter battery? 

Q23. What factors determine the fraction of the total 
current that flows through the meter coil in an 
ohmmeter circuit? 

Q24. The zero reading is usually on the end of 
an ohmmeter scale. 
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Your Answers Should Be: 

A22. The sensitivity of the meter, arrangement of the 
shunt and series resistors, and size of the external 
resistance to be measured. 

A23. The ratio of meter resistance to shunt resistance. 

A24. The zero reading is usually on the right end of an 
ohmmeter scale. 

Ohmmeter-Scale Design 

Starting at the right, compare deflection and ohmic read-
ings at the quarter points on the ohmmeter scale shown 
below. The first quarter covers 500 ohms; the second quar-
ter, 1,000 ohms ( 1,500-500) ; the third, 3,000; and the fourth, 

infinity. Such a scale cannot be calibrated in linear divisions. 

HALF 

•C 

te 
1500 

OHMS 

BASIC OHMMETER SCALE 

Reading Accuracy 

Because of the nonlinearity of ohmmeter scales, readings 
should be taken with the pointer in the most readable area 
of the scale. A rule used by many technicians is to read 
values in the area of the scale bounded by 1/10 and 10 times 
the value of the midscale reading. 

If only one range is available, such a rule is not practical. 
For example, if a meter reads 10 ohms at midscale, all de-
sired resistance measurements will not fall between 1 and 
100 ohms. Therefore, several ohms ranges are provided in 
a multimeter. 

Resistance Ranges 

Typical ohmmeter ranges are R >< 1, R >< 100, and R X 
10K. Some multimeters have multipliers as high as R X 10 
million. Using the rule mentioned above, the R >< 1 range 
provides low resistance readings (0 to 100 or 200 ohms). 
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The R >< 100 range will give useful readings between 100n 
and 10K, and the R >< 10K range will be satisfactory for 
readings from 10K to 1 megohm. Higher readings may be 
estimated with fair accuracy. If an R x 1M range is avail-
able, resistances up to about 100 megohms can be measured. 

USING THE OHMMETER 

The basic procedures for measuring resistance are the 
same for all multimeters. First, set the meter to read OHMS. 
Plug the test leads into the proper jacks. Hold the tips of 
the test probes together, thus placing a short (zero ohms) 

across the internal circuit. Turn the zero ohms adjust 
(sometimes labeled zero adjust) control until the meter 
pointer rests at zero on the ohms scale. 
Each time the meter is set for reading ohms and each 

time it is switched to a new range, short the test probes and 

zero the pointer with the ohms adjust control. 

CAUTION 

Never use an ohmmeter to take a resistance read-
ing across an energized circuit. The internal circuit 
is designed to carry only the current developed by 
its own battery. Its voltage is usually between 1.5 
and 9 volts. Voltage from an external source will 
usually be larger than this value and will damage 
either the meter coil or the pointer. 

Q25. Using the above diagram, which range setting 
should be used to measure an estimated 1,500 

ohms? 

OHMS 

READABLE RANGE 

R x 100 

R x 1 
R xl0K 
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Your Answer Should Be: 

A25. The range selector should be set on R X 100. 

MULTIMETER CIRCUITS 

Understanding how function and range circuits work is 
important in learning how to use a multimeter properly. 
Studying these circuits will also help develop your skill in 
analyzing electronic circuits. For these reasons, multimeter 
circuits will be studied a portion at a time. As each is dis-
cussed, it will be added to the preceding portions until a 
typical multimeter is developed. Each portion will be dia-
gramed first with a rotary range switch, and then as it 
might appear employing pin jacks. 

Milliammeters 

The following schematic diagram shows a typical DC mil-
liammeter circuit with rotary-switch connections. Resistor 
values are not shown. They will vary according to the 
multimeter. 

DC MILL (AMMETER 

3 

100 MA 

 o SW o  
1000 MA 

Notice that the arrangement is a parallel circuit in which 
the resistance can be changed in both branches by rotating 
a switch. Since the meter has a 50-pa movement (full-scale 
deflection), the ratio of resistances must be such that 50 1.4a 
will be the maximum current flowing in the meter branch at 
each switch setting. Redrawing the circuit for each switch 
position may help make this clear. 
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ewe( /r 
FOR 

0, 5 /Au 
R2 + R 3 + R4+ R5 

SW 
o o C) + 
O. 5MA 

How much of the total current ( 0.5 ma) must flow through 
the shunt? 500 (0.5 ma) minus 50 p.a. (maximum meter 
current) equals 450 p.a. This means that the ratio of shunt 
current to meter current must be maintained at 9 to 1. 
Therefore, the shunt resistance must be 1/9 of the resist-
ance in the meter branch. With some meters, resistor R1 is 
included as a part of the basic meter movement to increase 
its resistance. This is sometimes necessary so that the 
shunt resistance for the high-current ranges will not be 
unreasonably small. 

Q26. What is the ratio of shunt current to meter cur-
rent in this circuit? 

R 

R 1 R 2 

emeeir 
FOR 

lo 07,1 
+ R 4 + R5 

SW 
o o 
10MA 

o 

0 + 
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R6 + R7 + R8 SW 1.5V 

Your Answer Should Be: 

I  A26  (shunt) 9,950 ita 199 . 
I (meter) 50 eta 1 

Shunt Ohmmeters 

In the illustration below, Rm represents meter resistance. 
RA is the ohms adjust control and is used to set the pointer 
to zero reading (full-scale deflection). In the R X 1 range, 
Itm, RA, R,,, R7, and R8 form one branch of a parallel net-
work; R, forms the other. 

CIRCUIT FOR R X I RANGE 

COMMON 

OHMS 

The shunt permits external resistances of low values to 
be read with reasonable accuracy. Without it, the measured 
resistance would be in series with the resistance in the meter 
branch, and the same current would flow through all resist-
ances. The total resistance would thus have to be large to 
limit current flow to the maximum level of 50 e. As a con-
sequence, slight changes of current due to small changes in 
measured resistances would cause only tiny changes in 
pointer movement. Markings would be very close together. 
An external resistance equal to the internal circuit resist-

ance would bring the pointer to midscale. With a 50-sa 
meter and a 1.5-volt battery, Ohm's law shows that the 
internal resistance must be 30,000 ohms for full-scale deflec-
tion, or zero reading. 30,000 ohms of external resistance 
would halve the current flow and provide a midscale read-
ing. On the R X 1 range, measurements between 0 and 
30,000 ohms would be distributed on one half of the scale 
and readings would be difficult to estimate with accuracy. 
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Placing a shunt in the circuit provides a low-resistance 
current path around the meter branch. Most multimeters 
using this design have a midscale reading of 10 to 30 ohms, 
permitting greater accuracy in reading the scale markings. 
A typical value for R, is 11 or 12 ohms. In round figures, 

the total resistance of the parallel network would then be 
about 10 ohms. With the terminals shorted, the 1.5-volt 
battery will cause a total current (IT) of 0.15 amp ( 150,000 
pa) to flow. Since maximum current for the meter is 50 pe, 
one part in 3,000 (50/150,000) of the total current will flow 

through the meter branch. The remainder (2,999 parts) 
flows through R,, the shunt path. R, is used to adjust the 
meter branch resistance to produce a 2,999/1 ratio. 
When the range-selector switch is moved from R x 1 to 

R x 10, the resistances in the parallel network are redis-
tributed. Compare the schematic below with the R x 1 cir-
cuit on the preceding page. The resistance is increased in 
the shunt branch and decreased in the meter branch. R 1-

is added as a current-limiting resistance. 
COMMON 

CIRCUIT FOR 
R X 10 RANGE 

R6+ R7 R12 SW 

R12 in the R X 10 circuit will allow less current to flow 
than in the R x 1 circuit. You saw that maximum IT in the 
R x 1 circuit would be near 150,000 pa if the parallel net-
work had a resistance of 10 ohms. Suppose the resistance 
of the parallel network in the R x 10 circuit is approxi-
mately 100 ohms and R12 is 10 ohms. The 1.5-volt battery 
is then in a circuit having a total resistance (RT) of 110 
ohms. The total current with test leads shorted would ap-
proach 15,000 pe. Since Im must be 50 ,,..a, 50/15,000 or 1/300 
of the total current flows through the meter. 

Q27. In which circuit (R X 1 or R X 10) will the meter 
pointer be farther from zero when a given resist-
ance is measured? 
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Your Answer Should Be: 

A27. The R X 1 circuit. 

Redrawing the two circuits with meter scales added will 
help you understand why the answer above is correct. 

10i) 

R x 1 

1000 

R12 

100 

R x 10 

COM. OHMS • COM. 

R.,, is in the meter branch for R x 1 and in the shunt branch 
for R x 10. The ratio of meter-branch to shunt-branch 
resistance for R x 10 is smaller than for R x 1. This means 
that if IT were equal in both parallel networks, Im for R x 
10 would be larger than Im for R x 1. Therefore, a larger 
part of the total current would flow through the meter in the 
R x 10 circuit than in the R X 1 circuit. 

R x 1 Circuit: 

Total circuit R = 50 ohms (see figure) 
Total circuit I = 30,000 pa (I = E/R) 
Im/Is = 1/3,000 (meter-branch to shunt-branch ratio) 
Im = 10 1.ta ( 1/3,000 of 30,000 ¡La) 

R x 10 Circuit: 

Total circuit R = 150 ohms 
Total circuit I = 10,000 eta (I = E/R) 

Im/Is = 1/300 (meter-branch to shunt-branch ratio) 
Im = 33.3 pa ( 1/300 of 10,000 pa) 
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There will be greater deflection (more Im) in the R x 10 
circuit than in the R X 1 circuit when the same value of 
resistance is measured. The proportions established for the 
series-parallel resistances in the R X 10 circuit are such 
that scale readings can be multiplied by 10. 

In the R x 100 and R x 1,000 circuits the series-parallel 
resistive networks are changed in the same manner, and the 
scale readings are multiplied by factors of 100 and 1,000, 
respectively. In the R X 1,000 circuit below, you will note 
that there is an additional battery to permit measurement 
of large resistances. 

CIRCUIT FOR R X 1,000 RANGE 

M 2K S 

jM 

4R 8K 

§R7 2u( 
6 

R8 

R9 

 LIM+ 
  R 10 6V SW 1.5V 

.---/vNA.—;11111111- ° o +11 4) OHMS 
93.3K 

Q28. What is the value of 14 in the circuit above? 

Q29. What is the purpose of the additional 6-volt bat-
tery in the meter circuit above? 

Q30. What is the value of IT in the circuit above when 
the test leads are shorted? 

Q31. What is the ratio of meter-branch current to shunt-
branch current? 

Q32. How much of the total current will pass through 
the meter? 

COMMON 

41 



Your Answers Should Be: 

A28. RT is equal to 99.97K. 

D (2K 8K) 20K  
ibT ± 93.3K = 99.97K 

(2K + 8K) ± 20K 

A29. The additional 6-volt battery permits large resist-
ances to be measured accurately. 

A30. I, is equal to approximately 75 e. 

T E 75V  
zT = — 75 ¡La 

RT 99.97K 
A31. IM/IS = 2/1 

A32. Im = 50 ita ( 2/3 of 75 p.a.) 

DC Voltmeter Circuits 

The figure below shows a typical DC voltmeter circuit 
added to the circuit of the DC milliammeter and ohmmeter. 

OHMS SW 

VOITAfffie 
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As you can see, the DC voltmeter circuit is a network of 
four resistors in series with the meter-shunt resistor com-
bination. Simplified schematics for the 5- and 50-volt posi-
tions are shown in the diagrams below. 

Rm 

 MA,  

5V 

 =111118--
50V RANGE 5V RANGE 

In the 5-volt position, current flows through R13 and the 
meter-shunt network. The 50-ea meter has a coil resistance 
of 2,000 ohms. Since Rs is very close to the same value, it 
can be assumed that the total resistance of the parallel net-
work is 1,000 ohms. What must R13 be for a full-scale read-
ing of 5 volts? If Rm and Rs are equal, Im and Is are also 
equal. Therefore, for Im to be 50 ea, IT must be 100 ea. RT 
equals 5V/100 ea, or 50,000 ohms. Subtracting 1,000 ohms, 
R13 is 49,000 ohms. To find the value of R14, apply the same 
reasoning. 

Q33. If 3.7 volts is measured using the 5-volt circuit, 
how much current will flow through the meter? 

Q34. If RI decreases in value, will the 50-volt range 
read high or low? 

Q35. What is the value of R15 (250-volt circuit)? 

Q36. What is the value of R16 (1,000-volt circuit)? 
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Your Answers Should Be: 

A33. 37 p.a. IM = 1/2 IT ( 74 ¡La) 
A34. The meter will read high. 

A35. 2 megohms 

A36. 7.5 megohms 

AC Voltmeters 

The diagram below shows an AC-voltmeter circuit. The 
four multiplier resistances are connected as in the DC volt-
meter, but there are other differences. 

@ - 

AMff NEGATIVE 
NIA. 

'HALF CYCLE 
a 

RR § ii 

II 
li 
U 

%MU 

RECTIFIER R17 + 
- 

POSITIVE HALF CYCLE 5V 

Í-- 1 
AC 

VOLTMETÉR 

CIRCUIT 

When the polarity of the measured voltage is positive at 
the plus terminal, current will flow as indicated. It will pass 
through the rectifier. When the voltage swings in the nega-
tive direction, current flow will reverse. The rectifier offers 
a high resistance to current in this direction. Therefore only 
a very small amount of current can flow through the meter 
during this part of the cycle. Consequently, the meter re-
ceives a pulsating DC, and the pointer is deflected. If an 
alternating current passed through the meter in both direc-
tions, the pointer would remain at zero. 
The rectifier resistance is low in comparison to RR when 

the current flows counterclockwise, but it is high with re-
spect to RR when the current flows in the opposite direc-
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tion. RIt becomes a path for current during the negative half 
cycle, thereby preventing a possibly destructive negative 
voltage from building up across the rectifier. 

COMPLETE MULTIMETER CIRCUIT 
OHMS 

VOLTS 
MA 

RA 

R17 
50V 25(A/ 

o  

 il o  
5V 1000V 

+ ® 

USING A MULTIMETER 

You have learned a great deal about why a multimeter 
operates as it does. This knowledge should aid you in using 
one wisely. However, it might be helpful to list the more 
important do's and don'ts. 

General Precautions 

Before using any multimeter, carefully study and apply 
the information contained in its instruction book. If the 
book does not contain a schematic diagram of the circuitry, 
request one from the dealer or manufacturer. Study the 
diagram and learn how the circuits are connected. 
Keep the front panel clean. Dirt or moisture around the 

jacks may act as a shunt for current. Although it may look 
rugged, handle the instrument with care. 
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Always take readings with as much precision as possible. 
Develop the accuracy habit early. Then, when you need to 
take precise measurements, you will be able to. 
Handle the front-panel controls carefully. Do not try to 

rotate switches beyond their stops. 
Keep your hands away from the metal tips of the test 

probes. Failure to do so may cause you to receive an elec-
trical shock when measuring current or voltage. The resist-
ance of your body across the probes will make ohmmeter 
readings inaccurate. 

Voltmeter and Milliammeter Functions 

Have great respect for an energized circuit. Stand on dry, 
insulating material, and if you must measure voltage of 
great amounts, (a) turn the equipment off, (b) discharge 
any capacitors near the test point, (c) clip the meter leads 
on the test points, (d) turn the equipment on, (e) take the 
meter reading, and (f) turn the equipment off before remov-
ing the meter test leads. 
Never place the milliammeter circuit across a voltage 

source. Even a small amount of voltage may force an exces-
sive amount of current through the meter coil. To measure 
current, always connect the milliammeter in series with the 
circuit. Always turn the equipment off before removing the 
meter from the circuit. 
Always connect the voltmeter in parallel with the circuit, 

voltage source, or circuit component. 
Observe polarity. Place the negative test probe (usually 

black) on the negative side of the element and the positive 
probe (usually red) on the positive side. 

Ohmmeter Function 

Do not measure resistance in an energized circuit. Turn 
off the appropriate switches, remove the power plug, discon-
nect the battery terminals, or take any other measure that 
will remove voltage from the circuit. A very small voltage 
added to that of the ohmmeter battery may damage the 
meter coil. 
Discharge any capacitors in and around the circuit before 

making a resistance reading. Remember, capacitors store 
voltage. The ohmmeter may serve as a discharge path for 
a capacitor when the meter leads make connection in the 
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circuit. The metal shaft of a screwdriver may be used to 
discharge low-voltage capacitors. Rub the blade against all 
leads or terminals of the capacitor while the shaft rests on 
the chassis. Hold the screwdriver by its handle. For high-
voltage capacitors (300V or above) use a grounding tool. 

1/8" BRASS ROD 

12" LONG 

HEAVY BRAI D18" LONG 
SOLDERED TO ROD 

BRAID FASTENED BY HEAVY 
SCREW,WASHER & SOLDER BATTERY CLIP 

Fasten the clip of the grounding tool to the bare metal of 
the chassis. Touch the terminals or leads of the capacitor 
with the tip of the rod. 

Do not measure the resistance of circuit elements that are 
still hot. Readings taken on parts above room temperature 
may be inaccurate. 

When taking resistance readings in a circuit, determine 
if the element being measured is shunted by another com-
ponent. If it is, the reading may be affected. If such a con-
dition exists, you have two choices; either remove one of 
the component leads from its terminal before measuring, or 
use the point-to-point resistance values contained in the in-
struction book or technical manual for the equipment under 

test. The resistance values may be shown in chart form. 
One type of chart is shown below and lists the resistance 
values between tube pins and chassis ground. 

GROUNDING TOOL 

INSERT ROD IN HANDLE 
AT LEAST 2-1/?' 

BROOM HANDLE 
18" LONG 

RESISTANCE MEASUREMENTS* 

Tube Pin 1 Pin 2 Pin 3 Pin 4 Pin 5 Pin 6 Pin 7 Pin 8 Pin 9 

V1 Inf 615K 0 0.1 0 6.2K 165K Inf 0 
V2 10.3K 68 1 meg 100 Inf 16K 1.5K 
V3 22K 100 920 0 100 100 0 1 
etc. 

*Resistance values are given in ohms. 
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Another type of chart may be for a single circuit, giving 
both voltage and resistance readings from tube pin to chas-
sis ground. 

TABLE OF VOLTAGES AND RESISTANCES 

Element Pin No. Voltage Resistance 

Plate 1 320 YAC 280 

Filament 3 3.15VAC 0 

Filament 4 3.15VAC 0 

Plate 6 320VAC 280 

Cathode 7 +350V 125K 

When using these charts, be sure the front-panel controls 
of the equipment are set as indicated by the manual con-
taining the chart. Also, be sure to use a meter with the 
same sensitivity as the type used by the manufacturer in 
developing the chart. 

If your measurements are the same or reasonably close, 
those components included in the reading may be good. You 
cannot be absolutely sure, however. For example, a normally 
high-value resistor may be open. If this resistor is in par-
allel with low-resistive components, such as a coil, the ohm-
meter reading may agree with the chart value. A leaky 
capacitor across a resistor may also produce a normal read-
ing. However, if you suspect this condition or get an abnor-
mal reading, disconnect one of the leads of the suspected 
component and make another measurement. 
The condition of capacitors can be approximated with an 

ohmmeter. When testing capacitors other than electrolytics, 
use the highest resistance range of the meter. This range 
will supply more voltage than the others. If the capacitor is 
good, the meter pointer will deflect slightly and then return 
to infinity as the capacitor charges from the ohmmeter bat-
tery. If there is no deflection, the capacitor may be open 
or have too small a value for the size of the ohmmeter bat-
tery. Full-scale deflection with no return indicates a shorted 
capacitor. Leakage is indicated by a steady deflection to 
some part of the scale. 
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WHAT YOU HAVE LEARNED 

1. A multimeter is an instrument used to measure ohms, 
AC and DC volts, and DC milliamperes. 

2. A combination of switches and jacks on the front panel 
of a multimeter permits the instrument to measure 
these electrical characteristics with a single meter. 

3. Meters vary in sensitivity. Sensitivity can be stated in 
two ways—in current and in ohms per volt. Current 
sensitivity, rated in milliamps or microamps, indicates 
the amount of current flow through the meter coil nec-
essary to cause full-scale deflection of the meter pointer. 
Current sensitivity of most multimeters ranges from 2 
ma to 50 p.a. The smaller current rating means greater 
sensitivity. Ohms-per-volt sensitivity is determined by 
the amount of meter-circuit resistance that will result 
in full-scale deflection when 1 volt is applied to the meter 
leads. A 2-ma current sensitivity would be rated at 500 
ohms per volt (R = E/I). A 50-pa meter movement 
would have a sensitivity of 20,000 ohms per volt. The 
latter meter is preferred, since it adds less loading effect 

to a circuit being measured. 

4. Most multimeters have a variety of ranges for each of 
the four meter functions—ohms, DC volts, AC volts, and 
DC milliamperes. Ranges are obtained by selecting in-
ternal circuit arrangements through the use of switches 
or jacks. 

5. These circuit arrangements are parallel or series-par-
allel resistive networks. Each range circuit sets up a 
distribution of resistances in the meter and shunt 
branches of the network. The resistance ratios are such 
that no more than the maximum meter current will flow 
through the meter branch of the network. The excess 
current is diverted through the shunt branch. 

6. Full-scale deflection of the pointer occurs when maxi-
mum rated current flows through the meter coil. 

7. When the instrument is set up as an ohmmeter, full-
scale deflection occurs when the test leads are shorted. 

This indicates zero ohms. 
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8. Voltmeter and ammeter scales on the meter face are 
usually linear. Units of scale markings are equal dis-
tances apart. The same scale can be used for measuring 
both volts and milliamps. On some multimeters a sep-
arate scale for each is available. 

9. The ohmmeter scale is nonlinear—markings are not 
equal distances apart. The scale reads from zero 
(usually at the right end) to infinity. 

10. For best accuracy, all multimeter readings should be 
made in the range position where the pointer will be in 
the upper-half region of the scale. There is some error 
present in even the best movement. This difference at 
full scale will be less of a measurement error than near 
zero. Also, the markings of the ohmmeter scale are less 
crowded toward the zero end (full-scale deflection). 
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2 

Vacu.um-TuLbe 
Voltmeters 

In this chapter you will 

What You learn the functions and 
operations of a vacuum-

Will Learn tube voltmeter ( VTVM). 
You will learn, by compari-

son, the advantages of the VTVM versus those of the 
multimeter. After completing this chapter, you will 
know which type of meter to use for any circuit. 

CAPABILITIES 

A VTVM, because of its design, has a few advantages not 
found in multimeters. The primary advantage is that it can 
be used for measuring voltages without excessively loading 
a circuit. For example, a 1,000-ohm/volt multimeter set on 
the 50-volt range will place 50,000 ohms across the circuit 
being measured. Since this provides another path for circuit 
current to follow, the multimeter is loading the circuit. 

50V lie  ---- - 50V ill  

.(75K rIMIE 0 M A 

37. 5V 

) 

( 

7 

O. 4MA 

50K 
 WV.  

 -I 
---` 20V f-

A Multimeter Loads a Circuit 
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According to Ohm's law, you should be able to measure 
20 volts across the 50K resistor in the circuit above. A 
1,000-ohm/volt meter on the 50-volt range will place 50,000 
ohms across the resistor, thus loading the circuit. The volt-
meter will, therefore, read 12.5V (0.25 ma >< 50K). This is 
a large error. 

A 20,000-ohm, volt multimeter, because of its higher input 
resistance, causes less circuit loading. A typical VTVM has 
a 10,000,000-ohm input resistance, regardless of range. Study 
the chart below, and compare the loading effects of the 
two meters. 

Range 
Input Resistance — 

Loading Effect VTVM Multi* 

5V 
10V 
50V 
100V 
500V 

1,000V 

10 meg 
10 meg 
10 meg 
10 meg 
10 meg 
10 meg 

0.1 meg 
0.2 meg 
1 meg 
2 meg 
10 meg 
20 meg 

VTVM 100 times less 
VTVM 50 times less 
VTVM 10 times less 
VTVM 5 times less 
Multimeter equal to VTVM 
Multimeter 2 times less 

*Multimeter with 20,000-ohm/volt sensitivity 

As you can see, a VTVM has less loading effect on circuits 
at the lower voltages than does a good multimeter. Some 
circuits are so sensitive to loading effects that a reading can 
be obtained only with a VTVM. 

Another advantage of the VTVM is its wider frequency 
coverage. The AC voltage-reading error increases at the 
rate of 0.5 to 1 '; per 1,000 cycles in a multimeter. At 5,000 

cps, for example, a multimeter would read 2.5 to 5 q low. 
At 50,000 cps, readings would be 25 to 50 ' low. A VTVM, 
however, will provide AC measurements of reasonable accu-
racy up to tens of megacycles. 

VTVM'S 

There are many different designs for constructing a 
VTVM. Most of them use some type of vacuum-tube bridge 
circuit to regulate the amount of current that flows through 
the meter coil. This method not only provides an accurate 
means of measurement, but it also permits the use of a less 
sensitive meter. A typical VTVM might use a 200-pe meter 
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movement, whereas a 20,000-ohm/volt multimeter requires 

a more expensive 50-sa movement. 

810C1( DIAGRAM OF A TYPICAL VTVM 

AC- OHMS 

/. OHMS 

DC 

AC 

AC RECTIFIER VOLTAGE 
DIVIDER 

COMMON 

0-

VOLTAGED  

DIVIDER 

OHMS DIVIDER 

BRIDGE 

CIRCUIT 

POWER 

SUPPLY 

The above block diagram of a VTVM shows three input 
jacks for test leads. By following the arrows, you can see 
that when measuring AC, the input current flows through a 
rectifier, a voltage divider, a bridge circuit, and the meter 
before it returns through the COMMON pin jack. Current, 
representing DC and ohm readings. flows through the respec-
tive divider networks in the circuit to the bridge circuit and 
the meter. From there it returns to the COMMON jack. 

Ql. Why does a VTVM provide more accurate readings 
than a multimeter when measuring low voltages? 

53 



Your Answer Should Be: 

Al. A VTVM has a greater impedance across its input 
jacks at lower voltage ranges than a multimeter. 
Therefore it draws less current from the circuit. 

VACUUM-TUBE VOLTMETER CIRCUITS 

In the diagram below, the inputs are shown in a block 
rather than as individual jacks. This VTVM would have 
four jacks on the panel, each labeled with the function titles 

AC VOLTS 
DC VOLTS 
MA 

OHMS 

AC 
VOLTAGE-

DIVIDER 
NETWORK MA 

OHMS 

FUNCTION 
SWITCH 

RANGE 
SWITCH 

BRIDGE 

CIRCUIT 

POWER 
SUPPLY 

shown. The function switch (S1) connects the jacks to the 
proper voltage-dividing networks. The range switch (So) 
selects the proper network, usually resistive, to supply the 
bridge circuit with the correct voltage. The bridge circuit 
provides the amount of current that should flow through the 
meter for the correct pointer deflection. The power supply 
provides filament and BJ,- voltage to the vacuum tubes. 

Bridge Circuit 

The bridge circuit will be described first since it represents 
the most significant difference between a VTVM and a multi-
meter. The schematic below shows a typical circuit. 

A BRIDGE CIRCUIT 
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As the schematic shows, VIA and V18 are separate halves 
of a twin triode. (The A and B designations represent sep-
arate groups of elements in the same tube envelope.) The 
arrangement of the circuit is such that the plate current of 
VIA can be made equal to the plate current in V111. The bal-
ance in plate currents is brought about by the adjustment of 
Ro. The control for R„ is on the VTVM panel and is labeled 
ZERO ADJUST. Before taking a measurement, this control 
is adjusted until the pointer is resting on zero of the desired 
scale. 
A pointer reading of zero means no current is flowing 

through the meter. This condition exists when the two cath-
ode voltages are the same with respect to ground. Since 
cathode resistors R, and R, are equal in value, the voltages 
are equal as long as the two plate currents remain the same. 
A 200-/La meter is sufficiently sensitive to operate in such 

a circuit. RA is a range calibrating resistor. When the range 
switch is moved to a new position, a different RA is switched 
into the meter circuit. 

If the switch (S1) at the grid (pin 7) of VIA is thrown 
from ground to the battery and resistance circuit, a negative 
voltage will be applied to the grid. Plate current will decrease 
by an amount determined by the change in grid voltage. A 
decrease in plate current will lower the voltage across re-
sistor R”. Since the voltage across Rg has not changed, a 
difference of potential exists across the meter. This poten-
tial difference results in a current flow through the meter. 

— 
Q2. In which direction will meter current flow in the 

circuit above? 
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Your Answer Should Be: 

A2. The meter current will flow from left to right. 

Assume that normal plate current flow through VIII pro-
duces a cathode voltage of 15 volts. Also, assume that the 
decrease in plate current through ViA drops its cathode volt-
age to 12 volts. Current flows through the meter from the 
less positive to the more positive side. 

If the voltage applied to the grid of VIA represents a full-
scale reading at the range setting in use, what should be the 
value of RA ? A 200-sa meter has a full-scale deflection when 
a current of 200 /la flows through its coil. If the voltage 
across the meter is 3 volts, RA plus the meter resistance 
must be 15,000 ohms. 

E  3V  
R — 15000 ohms 15K 

I 0.0002a , = 

Below is the circuit redrawn in the form of a bridge. 

+ 

\?( 

With no voltage applied to the grid of either tube, the 
current is the same on both sides of the bridge. Cathode 
voltages EKI and EK2 are equal. If a negative voltage appears 
on the left grid, current through the left leg of the bridge 
decreases. The voltage drop across resistor R1 decreases, but 
the voltage across the tube increases enough that voltage 
E1 increases. However, the decrease in current through R2 
lowers the value of EK1, and the sum of EKi and El remains 
the same. The bridge is unbalanced because EKI is less than 
EK2. Current flows through the meter from left to right. 
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If the negative voltage is removed from the grid on the 
left side, the bridge will return to its normal balanced con-
dition. Voltages on both sides will be equal, and no current 
will flow through the meter. 

POSITIVE VOLTAGE APP11;:-D TO ONE GRID 

VIA 

I p I P 

METER CURRENT ( 44) 

NORMAL 
Ri CURRENT 

V1R 

EK2 

INCREASED _ R4 
CURRENT 

Suppose a positive voltage is applied to the grid of V111. 
Plate current in V1K will increase, raising the voltage across 
R4. EK2 will now be a larger positive voltage than EKI. Cur-
rent will therefore flow from left to right through the meter. 

Importance of Chassis Potential 

You have seen that a negative voltage applied to one grid 
or a positive voltage to the other results in the same direc-
tion of current flow through the meter. This fact is used 
to great advantage in a VTVM. 
The common, or negative, test-lead jack is grounded to 

the chassis of a VTVM. In equipment employing electronic 
circuits, the chassis is usually at zero (ground) potential for 
safety purposes. If you have to measure a negative voltage 
in such equipment, the test leads must not be interchanged 
in order to cause the meter pointer to move up scale. Plac-
ing the common, or negative, lead on the negative side of the 
voltage would connect this voltage directly to the VTVM 
chassis and case. This could be very dangerous. 

Q3. What voltage across the meter leg would produce 
full-scale deflection of a 200-iza meter? Assume the 
total leg resistance is 20K. 

Q4. What conditions must exist for zero deflection on 
the meter in the bridge circuit on the opposite page? 
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Your Answers Should Be: 

A3. E=Ix R= 0.0002a X 20,000n = 4 volts 

A4. E.' must equal EK2. Therefore, R2 must equal R49 
and the plate currents must be equal. 

Measuring Negative and Positive Voltages 

The VTVM eliminates the danger just described by hav-
ing DC— and DC+ settings on the function switch. The 
type of bridge circuit about which you have just learned 

DC REVERSING SWITCH 

DC-
o  

BRIDGE 
CIRCUIT 

li 

DC + 

allows the input voltage to be switched to the grid of the 
proper tube in the circuit. The same direction of current 
flow through the meter can thus be maintained regardless 
of the polarity of the input voltage. 

DC Voltage Divider 

In a VTVM, the input circuits for the various functions 
are voltage dividers. A typical DC voltage divider is shown 
in the diagram below. One end of the string of resistors is 
attached to the DC pin jack, and the other end is connected 

DC - 

COMMON 
DC VOLTAGE-

R 1 10K 

IV 
RIO 

R11 900K 10V 

R 12 90K 100V 

1000V 

PIN 7 

lA 

DIVIDER CIRCUIT 

to the COMMON jack. A schematic representation of a four-
position switch is shown at the right of the voltage divider. 
Each position represents a tap in the resistor string. Each 
tap corresponds to a range setting. 
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The sum of the resistances in the voltage divider is 10 
megohms. This large resistance will be in parallel with the 
measured circuit at any range setting. Loading of the cir-
cuit under test is therefore very small. 

A VTVM PRODUCES A SMALL LOADING EFFECT 

DC Voltmeter Probes 

Two different probes for taking measurements are avail-
able with a VTVM. The standard probe has a resistor in 
series with the metal point and the test lead. 

De fief PROBE 

Q5. In the diagram below, how much voltage appears on 
the grid of the tube in the bridge circuit? 

Q6. Refer to the lower illustration on the opposite page. 
How much voltage is applied to pin 7 of ViA when 1 
volt is measured with S1 positioned as shown? 

Q7. How much voltage is applied to pin 7 of ViA when 
10 volts is measured with SI on the 10-volt tap of 
the voltage-divider circuit? 
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Your Answers Should Be: 

A5. There is 1.5 volts applied to the grid. 

I = —E = 0.3 amp 
RT 10n 

I X (R2 + R3) = 0.3a x 5r2 = 1.5V 

A6. 1 volt. 

A7. 1 volt. A voltage of 10 volts is applied across a 
total resistance (RT) of 10M. At the 10-volt tap, 
the resistance to ground is 1M, or 1/10 RT. There-
fore, 1 volt is present at the 10-volt tap. 

High-Voltage Probe 

A high-voltage probe has an internal series resistor of 25 
megohms or more. This probe is used to extend the range 
of the VTVM above 1,000 volts DC. 

HIGH- VOLTAGE DC PROSE 

Voltage-Divider Principle 

Answers A6 and A7 above illustrate an important point. 
With the test probes measuring 1 volt, there is 1 volt at the 
1-volt tap. When measuring 10 volts there is 1 volt at 
the 10-volt tap. And, at 100 and 1,000 volts, there is 1 volt 
at the 100-volt and 1,000-volt taps, respectively. The voltage 
applied to the bridge circuit must be the same in all ranges 
to cause the same pointer deflection. Pointer positions are 
multiplied by the factor indicated by the range setting. 

AC Voltage Divider 

A simplified schematic for an AC voltage divider appears 
on the next page. It has the same voltage-divider network 
used in the DC voltmeter circuit. 
The main difference between this circuit and the DC cir-

cuit is a twin diode for rectifying AC into pulsating DC. 
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The diode permits measurement of voltages having frequen-
cies from 50 cps to at least 50 kc. 
Diodes V3A and Vgit and capacitors C5 and Cg form a net-

work that converts the AC input voltage into a DC voltage 
across the voltage divider. Capacitor C, also serves to pre-

AC VOLTAGE-DIVIDER CIRCUIT 
C5 V3A V3B 

vent the DC that may be present in the input voltage from 
reaching the bridge circuit. In this arrangement the VTVM 
actually measures the peak value of the AC voltage. The 
rms value of a sine wave is 0.707 times the peak value. The 
scales of most VTVM's are marked to read the rms value. 

RF Probe 

A special probe for measuring frequencies up to 100 mega-
cycles can be used in the DC jack. 

I/N Ri PROBÉ 
Q8. In addition to being part of the network that con-

verts AC to DC, what is the purpose of capacitor C5 
in the AC voltage-divider circuit above? 

Q9. What is the purpose of the two diodes in the AC 
voltmeter circuit? 
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Your Answers Should Be: 

A8. C5 is also used as a blocking capacitor to prevent a 
DC component of any measurement from entering 
the AC measuring circuit. 

A9. The two diodes rectify the incoming AC into pul-
sating DC. 

Ohmmeter Voltage Divider 

Some ohmmeter circuits employ a battery as a voltage 
source. In others a metallic rectifier with a resistor-capaci-
tor filter is used. Whatever the source of voltage, the 
current normally flows through a voltage-divider network 
similar to the one below. 

WAY OIMINETETR Fovect pleierk 
• 
OHMS 

COMMON 

RX1 MEG 

Witn SI in the R x 1 position, the voltage applied to the 
bridge circuit depends on the ratio of the unknown resist-
ance to Roo. In the R >< 100 position, the voltage depends 
on the ratio of the unknown resistance to Roo ± Ro,. The 
unknown resistances measured on the R >< 100 range are 
100 times as large as those measured on the R X 1 range. 
You can see that Roo + R21 must be 100 times as large as 
Roo. Similar reasoning applies to the R X 10K and R X 1 
MEG ranges. 
The ohmmeter scale of a VTVM using this circuit meas-

ures 0 to co from left to right—the reverse direction to that 
of a typical multimeter scale. When the probes are shorted, 
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full-scale deflection will occur. When they are open, the 
pointer will remain stationary and register co. As in the 
multimeter, the ohmmeter scale is nonlinear. 

USING THE VTVM 

The same precautions given for the use of multimeters 
also apply to vacuum-tube voltmeters. Generally, a VTVM 
is used in the same manner as a multimeter in taking volt-
age and resistance readings. The illustration below shows 
how the front panel of a typical VTVM might appear. 

‘A TYPOCM WIWK1 

Q10. If R20 in the circuit on the opposite page is 100 
ohms, what is the value of R21? 
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Your Answer Should Be: 

A10. The sum of R29 and R21 must be 100 times 100n, 
or 10,000n. Therefore, R21 is 10,000 — 100, or 
9,900n. 

SPECIAL VTVM PRECAUTIONS 

1. Beware of high voltages. 

2. When making high-voltage checks, grip the probes well 
up on the insulated parts of the handles. This reduces 
the danger of shock and the possibility of adding hand 
capacitance to the circuit. 

3. Always ground the AC test probe after a voltage check. 
The capacitor in the input circuit may have been 
charged by a DC voltage. 

4. An RF probe can be used to measure voltages having 
frequencies from about 1 kc and 100 mc. Connect the 
probe and its ground connection as close together in the 
circuit as possible. 

WHAT YOU HAVE LEARNED 

1. A vacuum-tube voltmeter is similar to a multimeter in 
function, range selection, and use. 

2. A VTVM has a higher input impedance (around 10 
megohms) than a multimeter. As a result, it has less 
loading effect on circuits. 

3. The range circuits of a VTVM are usually voltage-
divider networks. The range switch connects the selected 
multiplier tap to a vacuum-tube circuit. This circuit 
regulates the amount of current that will flow through 
the meter coil. 

4. Most VTVM's use some type of bridge circuit. When no 
measurement is being taken, voltages across the bridge 
are balanced, and no current flows though the meter. 
When a measurement is being made, current in one of 
the tubes increases. This unbalances the voltages across 
the bridge, causing meter current to flow in proportion 
to the measurement taken. 

5. Safety precautions must be followed when measuring 
high voltages with a VTVM. 
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3 
The Oscilloscope 

An oscilloscope is a test 
What You instrument capable of 

showing the waveforms of 
Will Learn sinusoidal and nonsinusoi-

dal signals. You will learn 

how the oscilloscope performs its various functions to 
aid the user in gaining valuable knowledge about an elec-
tronic circuit. In this chapter you will discover how the 
oscilloscope can be used to measure the voltage and 
phase of an applied signal. This chapter will also give 
you additional information concerning the operation of 
the cathode-ray tube. 

LIMITATIONS OF METERS 

You have become acquainted with multimeters and vac-
uum-tube voltmeters. If asked to describe them in a brief 
statement, you might say they are instruments capable of 
measuring the magnitude ( size) of certain electrical char-
acteristics. This would be a good description if you added 
that the characteristics are basically limited to voltage, cur-
rent, and resistance. 
How much information would a multimeter or VTVM tell 

you about a voltage that varies as shown below? 

7-
10 V 

' 2V 

- I-

65 



Your answer might be merely voltage. This would be a 
good answer, since you did not specify the amount of volt-
age. A multimeter or a VTVM is designed and has its scales 
calibrated to measure sinusoidal ( sine-wave) AC voltages. 
It cannot accurately measure a nonsinusoidal voltage. Since 
the meter pointer is not able to follow the rapid rise and fall 
of such a voltage, the meter reading, if any, will be only a 
slight indication. 

IMPORTANCE OF WAVEFORMS 

Since a voltage or current can be described in terms of 
amplitude and time, you can identify and analyze any signal 
in these terms. A graph or picture of how the amplitude 
of a signal varies with time is called a waveform. 

RISES TO 
7 VOLTS IN 
0.5 SEC 

RISES TO 
2 VOLTS IN 
0.1 SEC 

7 

6 

5 

4 

3 
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1 

0 o 01 05 1 0 SECOND 

TIME 

To maintain, troubleshoot, and repair electronic equip-
ment, a technician needs to look at the waveform of a signal 
passing from one circuit to another. For this, an instrument 
is needed that will provide a reliable representation of the 
signal. If the representation matches the desired size and 
shape of a signal that should occur at the test point, the 
technician can assume the circuit from which it came is 
operating as it should. If the representation does not match 
the signal, the type and amount of difference will help in 
identifying the cause of the trouble. 

Waveform Characteristics 

Each electronic circuit is designed to accomplish a specific 
purpose. The purpose determines the input and output re-
quirements of the circuit. The input signal of one circuit 
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is normally the output signal of the preceding circuit, or 
stage. The output signal is the signal required as the input 
to the next stage. Circuit components are selected and con-
nected in such a way as to convert the input to the required 
output for each stage. 

An amplifier, for example, usually receives a small signal 
from a preceding stage and converts it to a larger signal. In 
other words, the stage amplifies the signal. 

It is often helpful to be able to determine if the change 
from input to output signal has been made properly. For 
example, it is desirable to know if the shape of a signal 
waveform is changed when the signal passes through an 
amplifier circuit. 

In the figure above, the leading half of the cycle in the out-
put has been distorted. You would, therefore, suspect that 
the amplifier had gone into saturation and was clipping off 
that portion of the wave. You could also reasonably conclude 
that the most probable cause of the trouble was a change in 
tube bias. 

Ql. What determines the input and output requirements 
of a circuit? 

Q2. What signal characteristics are shown by a wave-
form? 
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Your Answers Should Be: 

Al. The input and output requirements of a circuit are 
determined by the purpose of the circuit. 

A2. The amplitude and time of a signal are shown by a 
waveform. 

Waveform Characteristics 

Each pulse below has an amplitude of 3.5 volts and a width 
of 1 millisecond. The pulse repeats itself every 10 millisec-

3 5V 

- 10 MILLI SECH 

1 MILLI SEC. 

A PULSE WAVEFORM 

onds. Since one pulse occurs every 0.01 second, the pulse 
frequency is 100 pulses per second. 

1  Frequency — 
time 

A sine wave is a curved waveform. There are other waves 
whose increases and decreases appear to be straight lines. 
The pulse waveform in the above figure is an example. An-
other example is a sawtooth waveform. 

5V 
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Another observation that can be made about waveforms is 
their phase relationship. What is the relationship of their 
amplitudes at a given instant of time? Observe the two 
waveforms in the following illustration. 
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The top waveform (sine wave) rises from zero to 10 volts 
positive in 90° (one-quarter cycle). During the same time 
period the bottom sine wave decreases from 10 volts to zero. 
In other words, the two are 90° out of phase. 
These and other characteristics of waveforms can be 

determined by plotting amplitude against time. Even if he 
had the means of measuring small changes in time, man's 
vision is too slow to follow the rapid rise and fall of the 
amplitude. He could not make an accurate plot. The oscil-
loscope does this for him electronically. It presents a pic-
torial representation of an amplitude-versus-time plot of the 
waveform. 

Q3. What is one type of waveform that appears to be 
made up of straight-line segments? 

Q4. Why does the electronics troubleshooter need an 
oscilloscope? 
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A3. A sawtooth waveform is one that appears to be 
made up of straight-line segments. 

A4. The electronics troubleshooter needs an oscillo-
scope to see an accurate representation of various 
circuit signals. 

WHAT IS AN OSCILLOSCOPE? 

An oscilloscope is an indicator. It indicates the shape of 
a signal appearing at a test point. Some oscilloscopes are 
better at showing a reliable reproduction of waveforms than 
others. The difference is merely one of design. All oscillo-
scopes function in accordance with the same set of funda-
mentals. If you learn how one oscilloscope works and how 
it can be used, you can easily learn how to operate others. 

All oscilloscopes contain a cathode-ray tube (CRT) and a 
group of control circuits. The CRT displays the waveform. 
The control circuits present the signal to the CRT. A set of 
test leads brings the waveform to the control circuits. 

ray ceezioteopt 

A typical oscilloscope will be described in terms of how the 
cathode-ray tube and the control circuits function. The test 
leads are only slightly different from those with which you 
are already familiar. Since the control circuits are designed 
to operate the CRT, the cathode-ray tube will be studied 
first. 
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CATHODE-RAY TUBES 

The cathode-ray tube is a vital part of a television set. 
The CRT operates by moving a controllable beam of elec-
trons across the inside face of the tube. The number of elec-
trons in the beam is determined by the blacks, grays, and 
whites of the scene the TV camera is viewing. White is pro-
duced by a large number of electrons striking a chemical 
coating on the inside of the tube. The electrons cause the 
coating to give off light. Black is achieved by stopping the 
electron flow, and shades of gray are obtained by varying 
the amount of electrons between the amounts required for 
black and white. 
The picture is "painted" on the screen by the narrow elec-

tron beam moving back and forth across the tube many 
times a second. This movement is due to a varying magnetic 
field produced by a set of coils around the neck of the CRT. 
The principle of putting a picture of a waveform on the 

screen of an oscilloscope is similar. The movement of an 
electron beam is controlled electrostatically so that the beam 
traces out the pattern of the waveform being measured. As 
in the TV tube, electrons illuminate a coating on the inside 
of the tube. 

Electrostatics 
To understand how a CRT operates requires a review of 

what you learned about electrostatic fields. As you recall, 
an electrostatic field is a region in which electric forces are 
acting. 
An electrostatic field can be developed between two charged 

plates. If one plate is negative with respect to the other, 
the direction of the electric force can be determined. 

Q5. A waveform can be described in terms of its vertical 
and horizontal dimensions. What are these dimen-
sions? 

Q6. A cathode-ray tube can display a picture on its face, 
or screen. What causes the picture to appear? 

Q7. An oscilloscope is made up of a cathode-ray tube 
and a group of control circuits. What is the func-
tion of the control circuits? 

Q8. What is an electrostatic field? 
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Your Answers Should Be: 

A5. The vertical and horizontal dimensions of a wave-
form are amplitude and time. 

A6. The picture on a CRT is developed by a moving 
electron beam that strikes and illuminates a chem-
ical coating on the inside face of the tube. 

A7. The function of the oscilloscope control circuits is 
to present a signal to the CRT. 

A8. An electrostatic field is a region in which electric 
forces are acting. 

Forces in an Electrostatic Field 

In the figure below, lines of electric force take a direction 
from negative to positive. This means a negatively charged 
body entering the field would be moved downward (from 
negative to positive). A positively charged body, however, 
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would be moved upward (positive to negative). Like charges 
repel, and unlike charges attract. Do you recall how an elec-
trostatic field is formed? 
An electrostatic field is formed with a voltage source and 

a pair of metallic plates to hold the charges. 
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If a 6-volt battery is connected to the plates in the manner 
shown on the opposite page, the battery will draw electrons 
from the bottom plate and deposit them on the top plate 
until the difference in potential between the plates equals 
the battery voltage. The potential of the plate having an 
excess of electrons will be negative. The other plate, being 
deficient in electrons, will be positive. 
As indicated in the diagram, an electric force exists in an 

electrostatic field. This force can act on other charges enter-
ing the field. 
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In the figure above, three electrons are located in an elec-
trostatic field. All three are attracted by the positive plate 
and repelled by the negative plate. The distance between the 
plates is marked off in 10 equal units; electron A is 2 units 
away from the negative plate, electron B is 5 units away, 
and electron C is 8 units removed. 
A uniform electric field is established between the two 

plates. This means that an electron in one part of the field 
has the same force acting on it as an electron in another 
part of the field. Thus electrons A, B, and C all have the 
same amount of force acting on them, even though each is 
in a different position relative to the plates. Since the same 
amount of force is exerted on each electron, the relative time 
of travel of each electron depends on its distance from the 
positive plate. 

Q9. A positive ion rests in an electrostatic field. Toward 
which plate will it move? 

Q10. What causes an electrostatic field to exist between 
two metallic plates? 
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Your Answers Should Be: 

A9. The positive ion will move toward the negative 
plate. 

A10. An electrostatic field is formed when one plate has 
an excess of and the other a deficiency of electrons. 

Distribution of Electric Force 

Electrostatic force is conventionally represented by dashed 
lines with an arrowhead showing the direction in which the 
force is acting. Is an individual force represented by each 

- 

4- FORCE IS UNIFORM 
ACROSS THE FIELD 
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line? If this were true, an electron traveling between the 
plates with sufficient velocity to pass through the field would 
cover the distance in a stair-step pattern, as in A above. It 
is known that the path of an electron through a force field 
is curved, as in figure B. Force does not exist in distinct 
beams; it is continuous and uniform across the field. How-
ever, it is easier to talk about the field in terms of imaginary 
lines. 

Distribution of Force Lines 

Thus far you have visualized lines of electric force as 
being straight and parallel to each other. This is not always 
true. The following diagram shows that part of the lines 
of force can take a curved direction. Remember, the lines 
shown are only representative of a continuous field. 
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Lines directly between the plates are parallel to each other. 
Because they are equal lines of force, they tend to repel each 
other in a horizontal direction. The repelling effect is equal 

‘,\‘ FORCE LINES 
CURVE AT 
; THE FRINGES 
OF THE 

I,/ PLATES tity , 

in all directions around a line of force. The lines of force at 
the edges of the field are bent outward because there are no 
lines outside the field to repel them inward. 
An electron in motion through an electric field will tend 

to follow the direction of the lines of force. The amount 
that the electron path will bend in the direction of the lines 
of force depends on the velocity of the electron and the 
potential of the electric field. A fast electron may speed 
through the field with little curvature to its path. The path 
of a slow electron would curve more. Electrons of equal 
velocity would curve more when they are passing through 
a strong rather than a weak field. 

SAME FIELD STRENGTH 

FAST ELECTRON 
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Q11. Does an electrostatic field consist of distinct and 
separate lines of force, or is it continuous? 

Q12. Does a moving electron tend to take a path parallel 
to the direction of force or perpendicular to it? 

Q13. Why are the lines of force at the edge of an elec-
trostatic field curved? 
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Your Answers Should Be: 

All. An electrostatic field is continuous. 

Al2. A moving electron will tend to take a path parallel 
to the direction of electric force. 

A13. The lines of force at the edge of an electrostatic 
field are curved because there are no lines of force 
outside the field to repel them inward. 

Electrostatic Forces Between Circular and Tubular Plates 

In the diagram below is shown an electrostatic field be-
tween two plates having center holes. Observe the curvature 
of the force lines under the holes. 
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Since its path is parallel to the force lines, electron B will 
pass straight through the axis (center line) of the holes. 
Electron A starts in the same direction as electron B. When 
electron A enters the field, it turns in the direction of the 
force lines. Just before it leaves the field, it is turned even 
further and in the direction of the curvature of the force 
lines. 
Suppose a small and a large cylinder, both charged with a 

positive potential, are placed so the electrons must pass 
through them. Also suppose the larger cylinder has a more 
positive charge. The distribution of the lines of force would 
look like the illustration on the opposite page. 
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An electron in the space at the left of the small cylinder 
will be attracted toward the cylinder by the positive charge. 
If the electron is traveling along the axis of the cylinder, it 
will pass through without crossing a line of force. As it 

++ + + 

, 

›'k  
SMALL CYLINDER WITH +++ + 

LARGE CYLINDER WITH 
SMALL POSITIVE CHARGE GREATER POSITIVE CHARGE 

approaches the larger, more positively charged cylinder, the 
velocity of the electron will increase. 
An electron entering the small cylinder at an angle will 

cut the lines of force and be turned in their direction as 
shown by the top and bottom electron paths in the figure. 
As it approaches the larger cylinder, the electron will be 
accelerated by the higher positive potential. Because of the 

higher electron velocity, the force lines in the larger cylinder 
will have a smaller turning effect on the electron. If the 
difference of potential between the cylinders is adjusted 
properly, the electrons will unite at a given distance after 
passing through the second cylinder. This action of the elec-
trons as they pass through the influence of the two cylinders 
provides a convenient method of focusing the electron beam. 

Q14. As an electron approaches the larger cylinder, the 
velocity of the electron will  

Q15. Why is the above statement true? 

Q16. What path will the electron take if it is on the axis 
of both cylinders as it enters the first? 

Q17. What path will the electron take if the small cyl-
inder is charged positively and the large cylinder 
is charged negatively? 
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A14. As an electron approaches the larger cylinder, the 
velocity of the electron will increase. 

A15. The above statement is true because the larger 
cylinder is more positively charged. It will attract 
the electron with a greater force, thereby increas-
ing the velocity of the electron. 

A16. The electron will move in a straight path through 
both cylinders. 

A17. The electron will be attracted by the small cyl-
inder, but repelled by the large cylinder. 

ELECTRON GUN 

Cathode-ray tubes used in oscilloscopes consist of an elec-
tron gun, a deflection system, and a fluorescent screen. All 
elements are enclosed in an evacuated container, usually 
glass. The electron gun generates electrons and focuses them 
into a narrow beam. The deflection system moves the beam 
across the screen in the manner desired. The screen is coated 
with a material that glows when struck by the electrons. 

DEFLECTION 
SYSTEM 

elfilOPE 
TUBE 

ELECTRON GUN 

An electron gun has a cathode to generate electrons, a grid 
to control electron flow, and a positive element to accelerate 
electron movement. The control grid is cylindrical in shape 
and has a small opening in a baffle at one end. The positive 
element consists of two cylinders, called anodes. They also 
contain baffles ( or plates) having small holes in their cen-
ters. The main purpose of the first anode is to focus the 
electrons into a narrow beam on the screen. The second 
anode speeds up the electrons as they pass. 
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Cathode and Grid 

The cathode is indirectly heated and emits a cloud of elec-
trons. The control grid is a hollow metal tube placed over 
the cathode. A small opening is located in the center of a 
baffle at the end opposite the cathode. The grid is main-
tained at a negative potential with respect to the cathode. 
A high positive potential on the anodes pulls electrons 

through the hole in the grid. Since the grid is near the 
cathode, it can control the number of electrons that are 
emitted. As in an ordinary vacuum tube, the negative volt-
age of the grid can be changed to vary electron flow or stop 
it completely. The brightness of the image on the fluores-
cent screen is determined by the number of electrons strik-
ing the screen. Intensity (brightness) can, therefore, be 
controlled by the voltage on the control grid. 

Focus Control 

Focusing is accomplished by controlling the electrostatic 
fields that exist between the grid and first anode and between 
the first and second anodes. Study the diagram below. See 
if you can determine the paths of electrons through the gun. 
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Q18. Which element controls the number of electrons 
striking the screen? 

Q19. Which element controls the focus of the beam? 
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A18. The control gird controls the number of electrons 
striking the screen. 

A19. The first anode controls the focus of the beam. 

Electrostatic Lenses 

The diagram below shows electrons moving through the 
gun. The electrostatic field areas are often referred to as 
lenses. The first electrostatic lens causes the electrons to 
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cross at a focal point within the field. The second lens bends 
the spreading streams and returns them to a new focal point. 
The diagram also shows the voltage relationships on the 

electron-gun elements. The cathode is at a fixed positive 
voltage with respect to ground. The grid is at a variable 
negative voltage with respect to the cathode. A fixed posi-
tive voltage of several thousand volts is connected to the 
second (accelerating) anode. The potential of the first 
(focusing) anode is less positive than the potential of the 
second anode. It can be varied to place the focal point of the 
electron beam on the screen of the tube. Control-grid poten-
tial is established at the proper level to allow the correct 
number of electrons through the gun for the desired screen 
intensity. 
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ELECTRON-BEAM DEFLECTION SYSTEM 

The electron beam is developed, focused, and accelerated 
by the electron gun. It appears on the screen of the CRT 
as a small, bright dot. If the beam is left in one position, 
the electrons will soon burn away the illuminating coating 
in that one area. To be of any use, the beam must move. 

As you have learned, an electrostatic field can bend the path 
of a moving electron. 
Assume the beam of electrons passes through an electro-

static field between two plates. Since electrons are nega-
tively charged, they will be deflected in the direction of the 
electric force (from negative to positive). The electrons will 
follow a curved path through the field. When the electrons 
leave the field, they will take a straight path to the screen 
at the angle at which they left the field. Although the beam 
is still wide (the focal point is at the screen), all the elec-
trons will be traveling toward the same spot. This is assum-
ing, of course, that the proper voltages are existing on the 
anodes which produce the electrostatic field. Changing the 
voltages changes the focal point of the beam. 

Q20. Why are the electrostatic fields between electron-
gun elements called lenses? 

Q21. What is the function of the second anode? 
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Your Answers Should Be: 

A20. They are called lenses because the fields bend elec-
tron streams in the same manner that optical 
lenses bend light rays. 

A21. The second anode accelerates the electrons emerg-
ing from the first anode. 

Factors Influencing Deflection 

The angle of deflection (the angle the outgoing electron 
beam makes with the axis between the plates) depends on 
several factors. These factors include the length of the 
deflection field, spacing between the deflection plates, differ-
ence of potential between the plates, and accelerating voltage 
on the second anode. 
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Length of Field—A long field has more time to exert its 
deflecting forces on an electron beam than a shorter field. 
Therefore, it bends the beam to a greater deflection angle. 
This fact assumes that all other factors are equal. 
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Spacing Between Plates—The closer together the plates, 
the more effect the electric force has on the electron beam. 
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Difference of Potential—Intensity of the electric force can 
also be varied by the difference of potential on the plates. 
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Beam Acceleration—The faster the electrons are moving, 
the smaller their deflection angle will be. 
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Q22. Is the deflection angle in a CRT more easily 
changed by plate spacing or plate potential? 

Q23. Deflection angle is more with ( long, short) plates. 

Q24. Is the deflection angle greater with close or wide 
spacing of plates? 

Q25. Is the deflection angle greater with high or low 
potential on the plates? 

Q26. Is the deflection angle greater when the beam is 
moving fast or slow? 

Q27. Which of the above methods would be used in a 
CRT to change the deflection angle? 
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A22. Plate potential is more convenient to control. 

A23. Deflection angle is more with long plates. 
A24. It is greater with close spacing. 

A25. It is greater with high potential. 

A26. It is greater with a slow beam. 

A27. Varying the potential on the deflecting plates 
would be the method used to change deflection 
angle in a CRT. 

Vertical and Horizontal Plates 

If two sets of deflection plates are placed at right angles 
to each other inside a CRT, the electron beam can be con-
trolled in any direction. 
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DEFLECTION-PLATE ARRANGEMENT 

By varying the potential of the vertical-deflection plates, 
the spot on the face of the tube can be made to move up 
and down. The distance will be proportional to the change 
in potential between the plates. Changing the potential dif-
ference between the horizontal-deflection plates will cause 
the beam to move a given distance from one side to the 
other. There are directions other than up-down and left-
right. The beam must be deflected in all directions. 
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Study the two diagrams below. You should be able to see 
that the beam can be moved to any position on the screen 
simply by moving it both vertically and horizontally. 

In the top diagram above, position A of the beam is in 
the center. It can be moved to position B by going up two 
units and then right two units. Movement of the beam is 
the result of the simultaneous action of both sets of deflec-
tion plates. The electrostatic field between the vertical plates 
moves the electrons up an amount proportional to two units 
at the screen. As the beam passes between the horizontal 
plates, it is moved to the right an amount proportional to 
two units at the screen. 

Q28. In the bottom figure, how many units and in which 
direction will each set of deflection plates move the 
beam from A' to B'? 

Q29. Draw a line on a rough graph to represent the pic-
ture seen on the screen as the spot moves from A' 
to B' in the bottom figure in the above illustration. 
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A28. The vertical plates will move the beam down three 
units. The horizontal plates will move the spot one 
unit to the left. 

A29. The picture on the screen will look like: 

A' 

OR 

B' 

A' 

/ 
•  
B' 

If the amount of deflection ( in A29 above) to the left and 
down occurred so that each set of plates acted at the same 
time, the picture would be like the one on the left above. 
For example, if the vertical plates moved the beam down-
ward at the rate of 1 unit per second and the horizontal 
plates moved it to the left at the rate of 1/3 unit per second, 
both movements would have been completed in 3 seconds at 
point B'. The result would be a straight line. 

In the example on the right, the potential on the vertical 
and horizontal plates changes at the same rate. In the same 
time period, say 1 second, both plates move the beam 1 unit. 
The horizontal plates have completed their task at the end 
of 1 second, but the vertical plates have moved the beam 
only % of the required distance. If this were true, the pic-
ture on the right would appear on the screen. 

Amplitude Versus Time 

Do you recall the statement made earlier that waveforms 
could be described in terms of amplitude and time? You 
have just seen how the movement of the CRT beam depends 
on both potential ( amplitude) and time. 
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From zero time to 1 second the waveform in the diagram 
below is at zero volts. In the CRT the vertical plates remain 
at the same potential difference while the potential differ-
ence between the horizontal plates increases 1 unit in the 
direction necessary to move the beam toward the right. 

AMPLITUDE-TIME GRAPH 

1 2 3 4 5 6 7 8 
 TIME (SECONDS)-

CRT-SCREEN PRESENTATION 

When time is equal to 1 second the waveform rises to +2 
volts. The potential difference between the vertical plates 
increases enough to move the electron beam 2 units in the 
positive direction. From 1 to 4 seconds, the waveform 
remains at +2 volts and then decreases to —2 volts. As the 
horizontal-plate potential difference increases by 3 units, the 
vertical potential remains the same (+2 units) and then 
drops sharply 4 units. For the next 3 seconds the waveform 
remains at —2 volts. In the CRT, the potential difference 
between the vertical plates remains unchanged as the hori-
zontal potential increases uniformly by 3 units. 
The vertical-plate potential difference follows the voltage 

of the waveform. The horizontal-plate potential follows the 
passage of time. Together they determine the trace (image 
produced on the screen by the moving beam). 

Q30. Waveforms can be described in terms of 
 and --- — . 

Q31. The horizontal-deflection plates are used to repro-
duce the  

Q32. The vertical-deflection plates are used to repro-
duce the  
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A30. Waveforms can be described in terms of amplitude 
and time. 

A31. The horizontal-deflection plates are used to repro-
duce the time component. 

A32. The vertical-deflection plates are used to repro-
duce the amplitude component. 

Voltage Control of Horizontal Plates 

Assume that the resistance of the potentiometer in the 
figure below is spread evenly along its length. When the arm 
of the potentiometer is at the middle position, there is the 
same potential on each plate. Since there is zero potential 
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difference between the plates, an electrostatic field is not 
produced. The beam will be at zero on the screen. If the 
arm is moved downward at a uniform rate, the right plate 
will become more positive than the left. The electron beam 
will move from 0 through 1, 2, 3, and 4 in equal time inter-
vals. If the potentiometer arm is moved at the same rate 
in the opposite direction, the right plate will decrease in 
positive potential. The beam returns to the zero position 
when the potential difference between the plates again be-
come zero. Moving the arm toward the other end of the 
resistance will cause the left plate to become more positive 
than the right. The direction of the electric force reverses, 
and the beam moves from 0 through 4'. If the movement of 
the potentiometer arm is at a linear (uniform) rate, the 
beam will move at a steady rate. 
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The ends of the deflection plates are bent outward to per-
mit wide-angle deflection of the beam. The vertical plates 
are bent in the same manner. 
Moving a potentiometer arm is satisfactory for purposes 

of illustration, but in real oscilloscopes this is not a practical 
way to vary the horizontal-deflection voltage. Nearly all 
oscilloscopes with electrostatic deflection use a sawtooth 
waveform applied to the horizontal plates to produce hori-
zontal deflection of the beam. 

At the reference line, the potential on both plates is equal. 
Below the line the waveform makes the left plate more 
positive, and above the line the right plate is made more 
positive than the other. The waveform amplitude causes a 
uniform movement of the beam across the screen. The re-
trace line (trailing edge of the waveform) brings the beam 
quickly back to the starting point. 

Q33. How do most oscilloscopes obtain a linear rate of 
deflection for use as a time base? 

Q34. Why are the ends of the deflection plates bent 
outward? 

Q35. In the illustration on the opposite page, what is 
the potential difference between the deflection 
plates when the potentiometer is centered? 

Q36. What is the positive-going section of the sawtooth 
waveform called? 

Q37. What is the negative-going section of the sawtooth 
waveform called? 
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A33. Most oscilloscopes use a sawtooth waveform ap-
plied to the horizontal plates of the CRT. 

A34. They are bent outward to permit wide-angle de-
flection of the beam. 

A35. The potential difference is zero. 

A36. It is called the trace portion. 

A37. It is called the retrace portion. 

CRT Graticule 

It is possible to cover the face of the CRT with a sheet 
of plastic on which are scribed horizontal and vertical lines. 
This marked plastic sheet is called a graticule. 
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The graticule can be used to determine the voltage of 
waveforms because the deflection sensitivity of a CRT is 
uniform throughout the vertical plane of the screen. Deflec-
tion sensitivity is a constant which is dependent on the 
construction of the tube. It states the number of inches, 
centimeters, or millimeters the beam will be deflected for 
each volt of potential difference applied to the deflection 
plates. Deflection sensitivity is directly proportional to the 
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physical length of the deflection plates and their distance 
from the screen. It is inversely proportional to the dis-
tance between the plates and to the second-anode voltage. 

Deflection sensitivity for a given CRT might be 0.2 milli-
meter (mm) per volt. This means the spot on the screen 
will be deflected 0.2 mm (about 0.008 inch) when a differ-
ence of one volt exists between the plates. Sometimes the 
reciprocal of deflection sensitivity (called deflection factor) 
is given. The deflection factor for the example given would 
be 1/0.008, or 125 volts per inch. Sensitivity is usually meas-
ured in inches per volt and deflection factor in volts per inch. 

In the above example, 125 volts applied between one set of 
plates would deflect the beam one inch on the screen. This 
means that the deflection caused by small signals could not 
be observed. For this reason, the deflection plates are con-
nected to amplifiers that magnify the signals. 
Assume that a peak-to-peak value of a known voltage 

applied to the oscilloscope indicates that each inch marking 
on the graticule is equal to 60 volts. Each of the ten sub-
divisions will therefore have a value of 6 volts. Most oscil-
loscopes have controls to attenuate (decrease) or increase 
the strength of a signal before the signal is placed on the 
deflection plates. Attenuator and gain-control settings must 
not be disturbed after the calibration has been made. For 
maximum accuracy, recalibrate the graticule each time a 
voltage is to be measured. 

Q38. If the graticule in the figure on the opposite page 
has been calibrated to 50 volts per inch, what are 
the values of the positive and negative peaks of 
the waveform? 

Q39. What is deflection sensitivity? 

Q40. In what units is deflection sensitivity measured? 

Q41. What is the reciprocal of deflection sensitivity 
called? 

Q42. Deflection sensitivity is inversely proportional to 
what? It is directly proportional to what? 

Q43. How is a signal magnified for screen presentation? 

Q44. What must be done for maximum accuracy each 
time a voltage is to be measured with a graticule? 
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A38. The values are 55 volts for the positive peak and 
30 volts for the negative peak. 

A39. Deflection sensitivity states the distance that the 
spot on the screen will be deflected for each volt 
of potential difference applied to the deflection 
plates. 

A40. Deflection sensitivity is measured in inches per 
volt. 

A41. Deflection factor is the reciprocal of deflection 
sensitivity. 

A42. Deflection sensitivity is inversely proportional to 
the distance between the plates and the acceler-
ating voltage on the second anode. It is directly 
proportional to the length of the deflection plates 
and the distance from the plates to the screen. 

A43. Amplifiers magnify the signal. 

A44. The graticule must be recalibrated. 

CRT Designation 

Cathode-ray tubes are designated by a tube number, such 
as 2AP1, 2BP4, 5AP1A, etc. The first number identifies the 
diameter of the tube face. Typical diameters are 2 inches, 
5 inches, and 7 inches. Tubes can have diameters up to 24 
inches or more. The first letter designates the order in 
which a tube of a given diameter was registered. The let-
ter-digit combination indicates the type of phosphor (glow-
ing material) used on the screen. Phosphor Pl, which is used 
in most oscilloscopes, produces a green light at medium per-
sistence. P4 provides a white light and has a short persist-
ence. Persistence refers to the length of time the phosphor 
glows after the electron beam is removed. If a letter ap-
pears at the end, it signifies the number of the modification 
after the original design. 

CRT Safety 

Handle the cathode-ray tube with a great deal of care. 
Because of its size and air-evacuated condition, a tremendous 
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amount of pressure is exerted inward over all its surface. 
A bump or even a scratch may weaken the glass, causing 
it to implode ( opposite of explode but with the same results). 
Pieces of glass and parts will fly in all directions. When 
replacing a CRT, store the old tube in the box which the new 
one came in for safely disposing of it later. 

CONTROL CIRCUITS 

Although the cathode-ray tube is a highly versatile device, 
it cannot operate without control circuits. Naturally, the 
type of control circuits required depends on the purpose of 
the equipment in which the CRT is used. 
There are many different types of oscilloscopes. They vary 

in purpose and cost; from relatively simple test instruments 
to highly accurate laboratory models. However, all have two 
things in common; they must have some type of CRT, and 
they must have a group of control circuits to feed a wave-
form to the CRT. Although there are other types of cir-
cuits, most test oscilloscopes can be divided into the basic 
sections shown below. 

INPUT 

VERT CAL 
DEFLECTION 
AMPLIFIER 

HORIZ. 
DEFLECTION 
AMPLIFIER 

TO VERTICAL DEFLECTION PLATES 

POWER SUPPLY 
TO 

ALL CKTS 

SYNC SWEEP 

CIRCIJI" OSCILLATOR 

Q45. What does a 3AP1B CRT number designate? 

Q46. What must all oscilloscopes have in common? 
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A45. 3AP1B designates a CRT that is 3 inches in diam-
eter and the first of its diameter registered. Its 
trace is green with medium persistence, and the 
CRT is the second modification of the original. 

A46. All oscilloscopes have in common a CRT and a 
group of control circuits. 

Front-Panel Controls 

There are several front-panel controls used to adjust the 
oscilloscope circuits for proper operation. The type and 
number of controls vary with the purpose of the scope (an 
accepted name for oscilloscope). The following pages will 
discuss these controls in conjunction with the circuits iden-
tified on page 93. Typical controls are shown below. 
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All of the circuits in the block diagram are represented on 
the front panel. (The power-supply switch is on the inten-
sity control.) The four controls surrounding the screen reg-
ulate voltages being fed to the CRT. The four areas in the 
lower half of the panel carry titles similar to those in 
the block diagram. 

Power Supply 
Power-supply requirements for oscilloscopes vary con-

siderably. Certain cathode-ray tubes require accelerating 
(second anode) voltages as high as 15 to 30KV ( 15,000 to 
30,000V). The type used with the general-purpose scope, on 
the other hand, uses 1 to 3KV. Most power supplies employ 
a transformer, half- or full-wave rectifiers, filters, a load 
resistance, and, in some cases, voltage regulation. 

LOW-VOLTAGE 
RECTIFIER 
AND FILTER 

HIGH-VOLTAGE 
RECTIFIER 
AND FILTER 

} TUBE 
F - :: FILAMENTS 

CONTROL-CIRCUIT 
--..- lUBES AND 

DEFLECTION PLATES 

 I 

ELECTRON-GUN 
ELEMENTS 

TYPICAL 
POWER SUPPLY 

Most test scopes have both high-voltage and low-voltage 
power-supply sections fed by a single transformer. The 
high-voltage, low-current section takes care of the electron-
gun requirements. Voltage needs for the remainder of the 
circuits are supplied by the low-voltage section. This section 
may provide potentials as high as 300 or 400V. A third or 
fourth winding on the transformer provides voltage and 
current for the vacuum-tube heaters. 

Q47. To which element of the cathode-ray tube is the 
INTENSITY control connected? 

Q48. To which element of the CRT is the FOCUS control 
connected? 
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A47. The INTENSITY control is connected to the con-
trol grid of the CRT. 

A48. The FOCUS control is connected to the first anode. 

CRT Controls 

In the circuit below, the second anode (accelerator) is at 
ground potential. To obtain the high accelerating potential 

ELECTRON GUN 

ST ANODE 

HEATER,,,„J  CATHODE - 

GRID 

2ND ANODE 

OV 

FOCUS 

required, the other electron-gun elements are operated at 
negative potentials. The control grid normally operates near 
2,000V negative, 90 to 100V more negative than the cath-
ode. The first anode (focusing) can be maintained between 
—1,200 and —1,600V. These voltages are typical but vary 
among instruments. 

Deflection-Plate Controls 

The following method of adjusting the deflection-plate 
voltage is only one of several possible ways. 

VERTICAL POSITIONING 
C10 
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In addition to centering the beam vertically on the screen, 
there are times when it is desirable to move the entire wave-
form up or down. VERT POS (vertical positioning) is a 
front-panel control that permits this. A circuit used to vary 
the potentials on the plates for positioning purposes is shown 
on the opposite page. Voltage from the last stage of the 
amplifier, varying in the same way as the original wave-
form, is impressed across RH,. C11 returns the AC signal to 
ground and blocks DC. 

 +411  

  iIIttItt1 AegeL"'" 

POSITIONING CIRCUIT 

+400 V 
AMPLIFIED 
WAVEFORM 

When R11 (VERT POS control) is centered, there is no 
difference of potential between the two plates. When the 
arm is moved down, the lower plate becomes more positive 
than the upper plate, and the electron beam moves down-
ward. When the arm is moved up, the upper plate becomes 
more positive. If there is a waveform being applied across 
R10, the difference of potential from this positioning net-
work is added to or subtracted from it. This arrangement 
makes it possible to shift the entire waveform up or down 
on the CRT screen. 

Q49. If one deflection plate is at +124V and the other 
is + 18V, in which direction will the electron beam 
bend? 

Q50. Why are the deflection plates of a CRT bent out-
ward at the end? 
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A49. The electron beam will bend toward the +I24V 
plate. 

A50. The ends of the plates are bent to allow larger 
angles of electron-beam deflection than would be 
permitted by straight plates. 

Horizontal Positioning 

One type of horizontal-positioning circuit used in a deflec-
tion system is shown below. 

HORIZONTAL POSITIONING 
+150V 

FROM 
SWEEP 

OSCILLATOR 
HOR IZONTAL 

PLATES 

-275V 

The positioning tube operates as a cathode follower. Its 
input signal is a sawtooth sweep voltage from the sweep-
oscillator circuit. The sizes of the resistors are such that 
the center position of R17 (HOR POS control) is at zero 
(ground) potential. The horizontal-deflection amplifier is 
made up of two tubes operating in push-pull. Each tube 
controls the potential on one of the plates. With the arm of 
RI, at ground potential and no sawtooth signal present, the 
plate currents in the amplifier tubes are identical. No dif-
ference in voltage exists bot ween the deflection plates. When 
the arm is moved up (more positive) or down (more nega-
tive), the plate currents are no longer equal. The potential 
on one amplifier plate is then more positive or less positive 
than the other. In this manner the beam can be moved left 
or right. Vertical positioning can be done similarly. 
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Vertical Amplifier 
Since the vertical amplifier receives the waveform to be 

observed, its input impedance should be very high to pre-
vent loading of the external circuit from which the wave-
form is obtained and the resultant distortion of the signal. 
The amplifiers of most scopes have input impedances of sev-
eral megohms. Some other requirements for good vertical 
amplifiers are listed below. 
Frequency Response—Frequency response is a measure of 

the ability of an amplifier to pass the frequency components 
of a waveform. A pure sine wave, as you know, has only 
one frequency component—the fundamental. 

SINE WAVE 

THE FUNDAMENTAL FREQUENCY 

SQUARE WAVE 

FJNDAMENTAL FREQUENCY PLUS 
ODD HARMONICS 

A square wave, however, consists of the fundamental sine 
wave plus many odd-numbered harmonics. A harmonic is a 
sine wave having a frequency that is a whole-number mul-
tiple of the fundamental frequency. A perfect square wave 
has an infinite number of odd-numbered harmonics. Its tops 
and bottoms are perfectly flat, and the rise and decay of 
its sides occur in zero time. Since there must be some time 
to allow voltages to rise and fall, there is no practical circuit 
that can produce a perfect square wave. However, a con-
ventional square wave contains several hundred odd-num-
bered harmonics. 
A good general-purpose scope should have a frequency 

response extending up to 2 megacycles. For practical main-
tenance work, a scope should be able to pass the tenth odd 
harmonic of a square wave. Since this is 21 times the funda-
mental frequency, a 2-megacycle scope should be able to 
display square waves having a fundamental frequency as 

high as 100 kc. 

Q51. What makes a square wave different from a sine 
wave? 
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A51. A sine wave is made up of a single fundamental 
frequency; a square wave consists of the funda-
mental plus many odd harmonics of the fun-
damental. 

Each of the pulse waveforms shown below consists of a 
different combination of fundamental and harmonic frequen-
cies. In order to display such waveforms accurately, a scope 
must have good high-frequency response. This is so that 
the higher harmonics will be amplified the same amount as 
the fundamental and the lower harmonics. 

Peter Bale4,77-10# 
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Another way to examine the response of a scope is in 
terms of rise time. The rise time is the time between the 
10' ; and 90 r/t amplitude points on the leading edge of a 
pulse. The minimum rise time that a scope can reproduce 
is determined mainly by the charge time of certain capaci-
tances in the scope. 
Gain—The gain of a vertical amplifier determines how well 

a small signal can be expanded for observation on the screen. 
If the CRT, for example, has a deflection factor of 0.8V per 
inch and no means of amplification, a waveform having 0.2V 
amplitude would be very difficult to examine. However, if 
an amplifier were used, all large signals would be amplified 
so much they would extend off the screen. Therefore, instead 
of having several channels of amplification (each with its 
set of linear, good frequency-response amplifiers), a method 
must be used to attenuate (reduce) waveform amplitudes 
before they arrive at a single channel of amplification. 
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The diagram below shows one method often used for at-
tenuation. The VERT ATTEN (vertical attenuator) switch 
has three positions, 1, 10, and 100, which are factors of 
attenuation. The attenuation equals unity in position one; 
there is no attenuation of signal. This corresponds with the 

SW VKIILL 
o-I VERTI CAL 

DEFLECTION INPUT PLATES 

top tap of the switch in the schematic. The full voltage of 
the input is fed to the grid of the cathode follower. Attenua-
tion equals 1/10 in position 10. RI, Ro, and R3 are selected 
so that 1/10 of the input voltage will arrive at the grid. 
Position 100 provides an attenuation of 1/100. 

Since attenuation values between these broad settings may 
be desired, a finer attenuation control is provided. This is 
the VERT GAIN (vertical gain) control. As you can see, it 
selects a voltage from 114, part of the cathode resistance, and 
applies this voltage to the vertical amplifier. Through the 
use of the VERT ATTEN and VERT GAIN controls, the 
vertical size of the waveform can be regulated on the screen. 
The vertical-deflection amplifier stage in a good scope is 

usually a push-pull amplifier having a constant gain and a 
frequency response up to 2 mc. The output of the amplifier 
is fed to the vertical-deflection plates. 

Q52. Constant gain refers to the ability of an amplifier 
to equally amplify all signals within its capability. 
Why is this necessary in an oscilloscope? 

Q53. Is the frequency response of a scope a good meas-
ure of its capabilities? 

Q54. In the schematic above would the switch be con-
nected to the tap at the bottom of Ro or the top 
of R1 if the VERT ATTEN were set at 100? 
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A52. Constant gain is required so all waveforms, re-
gardless of their amplitude (within the voltage 
range of the amplifier), are amplified the same 
amount. Variations in gain would make the pres-
entations inaccurate. 

A53. Yes, frequency response is a good measure of the 
capability of a scope. A scope with good frequency 
response will reproduce waveforms over a wider 
frequency range more faithfully (with less distor-
tion) than a scope with a poorer frequency re-
sponse. A scope with good frequency response 
responds more quickly to the rapid changes of 
narrow pulses and steep wave slopes. 

A54. The switch would be connected to the bottom tap, 
thus providing the grid with a less negative volt-
age than at the other two taps. 

Other Vertical-Amplifier Requirements 

Inputs to the Scope—The illustration of the front panel of 
the oscilloscope shows GND and AC connections for the 
vertical-deflection amplifier. Test leads with probes attached 
are inserted into these connections for test purposes. On 
some oscilloscopes there is a third jack that is marked DC. 
This provides the possibility of observing a DC voltage or 
a waveform that varies its amplitude at a very slow rate. 
The DC connection feeds the signal directly to a DC ampli-
fier and then to the deflection plates. The normal vertical 
amplifiers cause distortion of very low-frequency signals. 
Y-Axis Amplifier—On some scopes the vertical-deflection 

amplifier is called a Y-axis amplifier. The Y axis corresponds 
to the Y coordinate ( up-and-down reference line) on a graph. 
Since a scope presents a graph of amplitude (plotted on the 
Y axis) and time (plotted on the X axis), these terms are 
sometimes used instead of vertical and horizontal. 

If the vertical amplifier and its associated circuits are 
properly designed according to the requirements you have 
just studied, the amplitude of a waveform will be faithfully 
reproduced on the screen. 
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An amplifier is required to increase signal voltages so that 
the full size of the screen can be used. It is easier and more 
accurate to study an enlarged reproduction of a waveform. 
Large waveforms can be attenuated to 1/10 or 1/100 of the 
amplified size, and any waveform can be made larger or 

smaller by varying the amplifier gain. 

D 

Q55. Assume your oscilloscope had only a CRT, vertical-
deflection amplifier, and the right type of power 
supply. Draw a picture of each of the above wave-
forms, showing how they might appear on the 
screen. 

Q56. What are the two characteristics of a waveform 
an oscilloscope is able to reproduce? 

Q57. — — — — is plotted on the X axis, and  
is plotted on the Y axis. 

Q58. Why is a DC jack included on some oscilloscopes? 

Q59. What other vertical-amplifier inputs are used in an 
oscilloscope? 
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A55. Your drawing should look something like this: 
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A56. The two waveform characteristics an oscilloscope 
can reproduce are amplitude and time. 

A57. Time is plotted on the X axis, and amplitude is 
plotted on the Y axis. 

A58. The DC jack is used to observe a DC voltage or a 
waveform that varies in amplitude at a low rate. 

A59. AC and GND (ground) connections are the other 
two inputs. 

Horizontal Time Base 

As you can see in Answer 55, a scope with only a vertical-
deflection amplifier in its control circuits will present only 
a vertical line; the horizontal dimension is missing. 
Time as a Reference—Since waveforms change their am-

plitude in accordance with time, it becomes a useful means 
of measurement for the horizontal direction on the screen. 
Look at the figure at the top of the opposite page. If the 

two waveforms span the same period of time, each could be 
divided into corresponding increments (small intervals) of 
time. If a sawtooth waveform were applied to the horizontal 
plates and a sine wave applied to the vertical plates, the 
former would move the electron beam sideways, and the 
latter would move it up or down in corresponding increments 
of time. Notice how the vertical and horizontal deflections 
combine at each instant of time to produce the waveform. 
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Characteristics of a Sawtooth Waveform—You have prob-
ably identified the necessary characteristics of a sawtooth 
waveform. Voltage must rise uniformly to be constantly 
proportional to time. It must be capable of starting its rise 
at the same instant the waveform to be observed starts. The 
time duration of the sawtooth waveform must be equal to 
that of the other waveform if one complete cycle is to be 
observed. The sawtooth must decay quickly to zero so that 
both waveforms can complete their cycles at the same time. 

VERT DEFL AMP VERTICAL AND HORIZONTAL DEFLECTION 
• 

INPUT 

SAWTOOTH 
GENERATED 

SAWTOOTH 
AMPLIFIED 

STARTING TIMES 
SYNCHRONIZED 

Q60. The waveform moves the electron 
beam from side to side, and the  
waveform moves the beam up and down. 

Q61. What part of the control circuits of a scope pro-
duces all the characteristics of the sawtooth wave-

form? 
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A60. The sawtooth waveform moves the electron beam 
from side to side, and the sinusoidal waveform 
moves the beam up and down. 

A61. The horizontal-deflection circuits produce all the 
characteristics of the sawtooth waveform. 

Sweep-Oscillator Circuits 

The sawtooth waveform is generated by the sweep oscil-
lator. Sweep refers to the steady rise of sawtooth voltage 
that moves the waveform horizontally across the screen in 
a desired period of time. An oscillator is a circuit capable 
of repeating the waveform it generates at some specific 
frequency. 

In AC fundamentals you learned about the simple RC cir-
cuit shown below. The circuit contains a resistor and a 

1 SW 

_F-3 2 
ER 

 o 

EC 

SIMPLE 

RC 

CIRCUIT 

capacitor in series with a battery. A switch capable of dis-
connecting the battery and placing a short circuit across 
Ri and Ci is also connected in this circuit. 

POSITION 1 

POSITION. 2t. 

I C 
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At the instant the switch is placed in position 1, lc (charge 
current) rises to maximum, and E rises to the value of the 
battery voltage. As Ci charges (Ec) at an exponential rate, 
I, and Ei, decrease at the same rate. At the end of a period 
of time determined by the values of R1 and Ci, the capacitor 
will reach its maximum charge. Current will stop flowing, 
and ER will become O. At time 2, when the switch is in posi-
tion 2, the capacitor begins to discharge. ID (discharge cur-
rent) is maximum negative (reverses direction), and ER is 
also maximum in the negative direction. The discharge de-
creases exponentially until all values reach O. Ec resembles 

the sawtooth, but its rise is not linear. 

TIME1 TIME 2 

ER 

Ec 

Q62. Refer to the top figure on the facing page. At the 
instant the switch is placed in position 1, is ER 
equal to, greater than, or less than E,.? 

Q63. Assume C, has been charged. At the instant the 
switch is placed in position 2, is ER equal to, greater 
than, or less than Er? 
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A62. Eli is greater than E, at the instant the switch is 
closed. Ell is at maximum voltage, and Ei. is at 
zero. 

A63. ER is less than E1. at the instant the switch is 
placed in position 2. When CI is fully charged, 
there will be zero volts across the resistor, and 
the voltage across Ci will be at its maximum. 

Developing a Sawtooth Waveform 

There are several types of sawtooth generating circuits— 
neon-tube, thyratron, multivibrator, etc. The thyratron saw-
tooth generator is representative of how all of these circuits 
operate. 

A THYRATRON CIRCUIT 

- 

A thyratron is a triode containing an ionizing gas. B+ 
current flows through Ri and charges C1. When the voltage 
across CI reaches a certain potential, the gas ionizes. 
When this happens, the thyratron conducts and rapidly 

discharges the capacitor. The voltage across Ci has a wave-
form that depends on the charge and discharge times. 
Charge time can be lengthened by increasing the value of 
R1, CI, or both. The bias on the grid also controls the time 
at which the tube conducts. A larger negative grid-to-cath-
ode potential, making it more difficult for the tube to con-
duct, will require a larger ionizing potential on the plate. It 
will take the RC circuit longer to reach this potential, and 
the charge time of the sawtooth will be longer. When the 
tube conducts, the capacitor discharges until a voltage across 
the tube is reached that no longer supports ionization. C1 
then recharges and the cycle repeats. 

108 



As can be seen in the figure below, the capacitor will 
charge until it accumulates a voltage equal to the ionizing 
potential of the thyratron. The tube conducts current and 
discharges the capacitor. Since the thyratron acts as a short 

THYRATRON LINEARITY 
B+ POTENTIAL 

IONIZING POTENTIAL 

CAPACI TOR 
VOLTAGE 

DEIONIZING POTENTIAL 

DI SCHARGE FLYBACK TIME 0 VOLTS 

across the capacitor, the capacitor discharges rapidly. When 
the capacitor voltage falls to the deionizing potential of the 
tube, the thyratron stops conducting and acts as an open 
switch. Then the cycle repeats. The charge of the capacitor 
corresponds to the rise of the sawtooth, and the discharge 
corresponds to its decay. 
The linearity of the sawtooth voltage across the capacitor 

is determined by the ionizing and deionizing action of the 
thyratron. The tube discharges the capacitor while its charge 
voltage is in the lower, more linear part of the exponential 
curve. The thyratron is also capable of discharging the 
capacitor rapidly, keeping decay time of the waveform to a 
minimum. If decay, or flyback time as it is most often called, 
is long, horizontal deflection will not return to the starting 
point before the waveform on the vertical plates has started 
its next cycle. 

Q64. What are some types of sawtooth-generating cir-
cuits used in electronics? 

Q65. What is a thyratron? 

Q66. How can the charge time of the thyratron circuit 
be controlled? 
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A64. Neon-tube, thyratron, and multivibrator circuits. 

A65. A thyratron is a triode containing an ionizing gas. 

A66. It can be controlled by varying the grid bias of 
the tube or the values of R1 and C1. 

A Typical Sawtooth Generator 

Since the frequencies, or time durations, of waveforms 
are not all the same, a sawtooth waveform with only a single 
rise time is not suitable. The most frequent method for 
varying the length of the sawtooth waveform is to change 
the values of the RC charging circuit. 

CHANGING LENGTH OF SAWTOOTH 

INCREASING 
R 

, 

_ 

IONIZING 
POTENTIAL 

DEIONIZING 
C2 C3 POTENTIAL 

By changing capacitors in the RC circuit, the RC time 
constant can be increased in coarse increments, as shown by 
the solid lines in the figure above. C, has a smaller capaci-
tance than C2, which is smaller than C3. If R remains the 
same, a larger capacitance will take longer to charge than 
a smaller one. Consequently, the rise time of the sawtooth 
waveform generated by the capacitor would increase. If R 
were a variable resistor, fine variations of the basic sawtooth 
waveform for each value of C could be controlled. This is 
shown above in dashed lines. In each case, the firing poten-
tial (which determines the time at which the capacitor dis-
charges) would remain the same. 
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The figure below shows one version of the thyratron saw-
tooth generat u. used in oscilloscores. The cathode is main-

TIll 1TRON SAWTOOTH GENERATOR 

tamed at a small positive voltage (about 3V) by the voltage 
divider made up of R3 and R4. The grid is thereby main-
tained at a desired negative bias, since it is grounded 
through R1 and R2. The bank of capacitors across the tube 
represents the individual coarse settings for sawtooth rise 
time. The selected capacitor is charged by the B+ source 
through R, and R6. R6 can be adjusted for the precise rise 
time desired. Because of its established ionizing and deioniz-
ing potentials, the thyratron acts like a stable, rapid switch 
in charging and discharging the chosen capacitor. The saw-
tooth waveforms developed across the capacitor are fed to 
the next stage, the horizontal amplifier. 

Q67. What is meant by the deionizing potential of a 

thyratron? 

Q68. The cathode of the thyratron is kept at a —_— 

potential. 

Q69. What factors make the thyratron useful in a saw-
tooth-generating circuit? 
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Your Answers Should Be: 

A67. The plate voltage at which the thyratron stops 
conducting is known as the deionizing potential. 

A68. The cathode of the thyratron is kept at a low 
potential. 

A69. Ionization and deionization. 

Controlling Frequency and Timing of the Sawtooth 

Two controls for the sweep-oscillator (sawtooth-genera-
tor) circuit are on the front panel of the scope. COARSE 
FREQUENCY selects one of seven capacitors ( in this case) 
in the circuit. Numbers on the switch specify the frequency 

50 100 500 
75 20 3K 

COARSE 
FREQUENCY 

15K 

CONTROL FOR R6 CONTROL FOR S2 

,eseert-P 
oteeadroe 
eememe 

(cps) of the sawtooth. VERNIER makes the fine setting of 
Rg to obtain frequencies between coarse settings. To place a 
60-cycle waveform on the screen, for example, COARSE 
FREQUENCY is set on 20 and the VERNIER is adjusted 
until a single cycle is presented. 

Sync Circuits 

You may have noted the three-position switch (S1) in the 
thyratron circuit just discussed. This part is shown below. 
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The purpose of the sync circuit is to cause the sawtooth 
waveform to remain in synchronization with the waveform 
to be placed on the screen. That is, both waveforms must 
start at the same time. The origin of the waveform to which 
the sawtooth is to be synchronized determines the setting of 
the SYNC SEL (sync-selector) switch on the front panel. 
EXT (external) is the setting used when the sync signal is 
to be obtained from an external circuit or source. LINE 
obtains the sync signal from the oscilloscope power line. INT 
(internal) samples the waveform in the vertical-deflection 

amplifier channel. 
The principle is identical for all three settings. Assume 

the switch is on INT. The waveform (appearing on the 
screen) is fed through C, and R., ( RC coupling circuit). The 
grid voltage will rise and fall with the amplitude of the sig-
nal, thereby decreasing and increasing the time interval 
before the tube ionizes and conducts current. 

SYNCHRONIZING SEQUENCE 

BIAS 

SYNC SI GNAL 
ON GR ID 

IONIZATION POTENTIAL 

1.., -- DEIONIZATION POTENTI AL 

A sync signal on the grid will cause a fall and rise in 
ionization potential, as shown in the figure above. Without 
the sync signal, the ionization potential is steady, and the 

sawtooth waveform is as shown by the dashed line in the 
figure above. When the sync voltage is added, the sawtooth 
voltage reaches the ionization potential sooner in each cycle. 
The rise time of the sawtooth is shortened, and its frequency 

is increased. This is shown by the solid waveform. 
The LOCK control varies the amplitude of the signal 

appearing on the grid. The control is necessary since sync 
signals vary widely in amplitude. A steady, uniform sync 
can be obtained by adjusting for proper ionization variation 

with the LOCK control. 

Q70. Explain the three settings on the SYNC SEL 
switch. 
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Your Answer Should Be: 

A70. The three settings are ¡NT (samples the internal 
signal in the vertical-deflection circuit) ; EXT 
(used when the sync signal is to be obtained from 
an external source) ; LINE (used when the sync 
signal is obtain from the scope power line). 

Horizontal Channels 

The sync circuit, sweep oscillator, and horizontal-deflection 
amplifier make up the horizontal channel. 

M GITn, C Pi g 1 
FROM VERT. DEFL. 

AMP. 

SYNC CKT. 

ost 
HORIZ 
DEFL. 
AMP 

0 -1)4\-100 

HORIZ.GAIN 

HOR I Z. DEFL. 
PLATES 

The sync circuit sends a sample of the observed waveform 
to the sweep oscillator for synchronization with the gener-
ated sawtooth wave. The sawtooth is then amplified by the 
horizontal-deflection amplifier and applied to the horizontal 
plates. 

Vertical and horizontal amplifiers are similar and perform 
identical functions. Each has a gain control to develop the 
desired size of the pattern. Each also has an attenuation 
control to decrease the amplitude of large waveforms so that 
they will be retained within the area of the screen. The 
HOR ATTEN control is used when an external waveform is 
to be applied to the horizontal-deflection plates through the 
amplifier. AC and ground jacks are available on the front 
panel for this purpose. When a waveform is to be applied 
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directly to the horizontal-deflection plates, the sweep oscilla-
tor is disconnected from the horizontal amplifier and neither 
is used for the scope display. 

The Whole Oscilloscope 

You have studied the circuits of a typical oscilloscope and 
have learned they were not difficult to understand, if you 
were able to recall the fundamentals you studied in preced-
ing volumes. You are now ready to combine all of these 
circuits into a complete unit. This combination of circuits 
make up the whole oscilloscope. You will learn how to adjust 
the numerous controls on the front panel and how they in-
fluence the pattern on the screen. Recall now the purpose of 
some of the oscilloscope controls shown below. 

OSCOLLOSCOM 
commas 

VERT AMP 
VERT GAIN 
VERT ATTEN 

SYNC CKT 
SYNC SEL 
LOCK 

SWEEP OSC. 
OCOARSE FREQ 

VERNIER 

CRT 
111 FOCUS 

INTENSITY 

HOR I Z AMP 
HORIZ GAIN 
HOR I Z ATTEN 

Q71. State the purpose and how it is accomplished for 
each of the following controls: 

Focus control 
Intensity control 
Coarse-frequency control 
Vertical-attenuation control 
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Your Answers Should Be: 

A71. The focus control establishes the correct potential 
differences between the grid and the first anode 
and between the first and second anode for focus-
ing. 

The intensity control varies the brightness of the 
beam displayed on the screen by controlling the 
negative bias on the grid. 

The coarse-frequency control determines the basic 
frequency of the sawtooth by selecting the proper 
value of capacitance for the RC charging circuit. 

The vertical-attenuation control decreases the am-
plitude of large waveforms that might be ampli-
fied off the screen. This is accomplished by select-
ing the correct ratio of the waveform voltage from 
a voltage divider. 

Similarity Among Oscilloscopes 

The oscilloscope you use may differ in some respects from 
the one you have just studied. Controls and circuits may be 
identified by different titles, and many of the circuits may 
be designed differently. However, all of the functions will 
be fundamentally the same. Before using an oscilloscope, it 
is wise to carefully study the manual that comes with it. 
Descriptions may not be in detail, but the information you 
have learned so far will help fill in the missing points. De-
velop a habit of taking all readings with the greatest 
accuracy possible. 

USING THE OSCILLOSCOPE 

An oscilloscope can be used for several different types of 
measurements. Earlier in the chapter you learned it was 
most often used to study the shape of a waveform when 
checking the performance of equipment. The pattern on the 
scope is compared with the signal that should appear at a 
test point, and a judgment is then made as to whether the 
operation of the equipment is good or bad. 
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El FFERENT FREQUENCY 
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You were introduced to the graticule, a plastic sheet scored 
with calibrated horizontal and vertical lines, that can be 
fitted on the screen of the CRT. By recording the height of 
a known voltage on the graticule, you can estimate the value 
of an unknown voltage placed on the screen. 
Other applications for which an oscilloscope can be used 

include determining phase relationships and measuring fre-
quencies, as shown below. These will be explained later in 

this chapter. 

OUT OF PHASE 

I 

1 
I I 

till 
Turning the Scope On 

First, make sure the scope is plugged into an electrical 
outlet. Many people have turned all knobs on the front panel 
out of adjustment before they noticed that the power cord 
was not plugged in. On most scopes the power switch is part 
of the INTENSITY control. Turn the knob until a click is 
heard or a panel light comes on. Let the scope warm up for 
a few minutes so that voltages in all of the circuits become 

stabilized. 

Getting a Pattern on the Screen 
When putting a pattern on the screen, adjust the INTEN-

SITY and FOCUS controls for a bright, sharp line. If other 
control settings are such that a dot instead of a line appears, 
turn down the intensity to prevent burning a hole in the 
screen coating. Brightness and sharpness will vary at var-
ious frequency settings, because of the different speeds at 
which the beam travels across the screen. For this reason, 
it may be necessary to adjust the INTENSITY and FOCUS 
controls occasionally while taking readings. 

Q72. What should you do before you turn on the oscil-

loscope? 
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Your Answer Should Be: 

A72. You should carefully study the manual that comes 
with the scope before turning the scope on. 

Number of Cycles on the Screen 

Because distortion may exist at the beginning and end of 
a sweep, it is best to put two or three cycles of the waveform 
on the screen instead of only one. 

THREE CYCLES 2 CYCLES 

The center cycle of three cycles gives you an undistorted 
waveform in its correct phase. The center of a two-cycle 
presentation will appear inverted, but will be undistorted. 
The relationship between the frequencies of the waveform 

on the vertical plates and the sawtooth on the horizontal 
plates determines the number of cycles on the screen. 

2 CYCLES 

o 
i 

3 CYCLES 
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The sweep frequency should always be kept lower than or 
equal to the waveform frequency; it should never be higher. 
If the sweep frequency were higher, only a portion of the 
waveform would be presented on the scope. 
As the preceding figure demonstrated, three cycles of the 

waveform will be on the screen when the sweep frequency 
is set to 1/2 the frequency of the input signal. If the input 
frequency is 12,000 cps, the sweep frequency must be 4,000 
cps for a three-cycle scope presentation. For two cycles, the 
sweep frequency must be set at 6,000 cps. If a single cycle 
is desired, the setting is the same as the input frequency, 
i.e., 12,000 cps. 
The sawtooth frequency is selected by settings on the 

COARSE FREQ and VERNIER controls on the front panel. 
If the exact frequency number is not found on the coarse-
frequency markings, set the coarse control to the closest 
number and adjust the vernier control for a stationary pat-
tern on the screen. 
The ratio of waveform to sawtooth frequencies should be 

such that it is on the order of 1/1, 2/1, 3/1, 4/1, etc. When 
the ratio leaves a quotient that is not a whole number (3/2 
for example), the display will be a series of lines moving 
across the screen. If the pattern appears to be incorrect, 
adjust the proper control (COARSE or VERNIER). 

NOR I ZONTAL SWeeP 

Q73. Why is there only one sawtooth cycle in each 
example at the bottom of the opposite page? 
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Your Answer Should Be: 

A73. There can be only one sawtooth wave per sweep of 
the scope, regardless of the number of waveform 
cycles. The sawtooth will move the electron beam 
horizontally across the scope during its rise time. 
When the sawtooth decays, the beam immediately 
returns to the starting point on the left. 

Other Make-Ready Settings 

So far you have learned how to set the INTENSITY and 
FOCUS controls for proper brightness and sharpness of the 
waveform on the screen. A steady pattern has been obtained 
by setting the COARSE FREQ and VERNIER controls of 
the sweep-oscillator stage for a steady, uniform pattern. If 
the pattern looks like either of the following, you are ready 
to proceed with an analysis of the waveform. 

However, you may obtain patterns that appear similar to 
the following: 

Which control would you adjust for figure A? Which 
would you adjust for figure B? The waveform in figure A 
can be adjusted by turning the VERT POS control to bring 
the waveform to the center of the screen. The waveform in 
figure B can be adjusted by turning the HOR POS control 
to bring the waveform to the center of the screen. 
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The two positioning controls above and to either side of 
the screen are used to center the waveform. Suppose the 
display for two cycles appeared like either one of the pic-
tures below. Which controls would you adjust? 

It is evident that portions of the waveform are being 
deflected off the screen in both cases. The figure on the left 
has too much horizontal expansion, so you would reduce the 
HOR GAIN ( horizontal gain) setting. Reduction in VERT 
GAIN (vertical gain) would bring the waveform on the 
right back on the screen. For normal viewing purposes the 
height and width of a waveform pattern should be about 
equal and should cover about 60 to 70 V( of the screen. On 
a 5-inch scope this would be a little over 3 inches. The pat-
tern should be about 2 inches for a 3-inch CRT. Adjust-
ments of the vertical-gain control not only change the ampli-
tude of the signal fed to the vertical-deflection plates, but 
they also increase or decrease the amplitude of the signal 
fed to the sync circuit. Quite frequently the change will 
affect the ionizing potential of the thyratron sufficiently to 
cause distortion in the presentation. To remedy this, adjust 
the LOCK control in the sync circuit. 

Occasionally a waveform frequency will be encountered 
that is so high that the frequency of the sweep oscillator 
cannot be made high enough to give a screen presentation 
of 2 or 3 cycles. If the upper limit of the COARSE FREQ 
control were 50 kc and the frequency of the waveform .were 
1 mc, the vertical-to-horizontal ratio would be 1,000,000/ 
50,000 or 20 / 1. Twenty cycles of the waveform would appear 
on the screen at this setting. The VERNIER adjustment 
might eliminate a few cycles, but the remaining cycles would 
be too close together to permit observation. 

Q74. To observe three cycles of a 45,000-cps signal, to 
what setting(s) would you adjust which controls? 
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Your Answer Should Be: 

A74. Set the COARSE FREQ control to 15 kc and ad-
just the VERNIER control for a stable display. 

When there are too many cycles for easy viewing, expand-
ing the presentation with the horizontal-gain control will 
separate the cycles for better viewing. 

MUITICYCIE PRESENTATIONS 

15-20 CYCLES EXPANDED 

Reading Waveforms 

Earlier in this chapter you learned that signals (wave-
forms) are modified, or changed, as they pass from circuit 
to circuit until the signal from the final stage contains the 
desired characteristics. With an oscilloscope you can test 
each of the signals in a piece of equipment to determine 
whether the circuits are operating properly and/or which 
one might be the cause of a trouble. 

SERVICING BLOCK DIAGRAM 

-VII- 40V 

Acri 

VERT I CAL-
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OSCILLATOR 

33V \+. 
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DEFLECTI ON 
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70V 

T • XL 000p SEC. 

T • 30, 000m SEC. 

The above illustration is representative of a servicing 
block diagram. The letters in circles identify significant test 
points. The waveforms beside them show the shape, voltage, 
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and time duration (where applicable) that should be observed 
at these points. Arrows on block-connecting lines show the 
direction of signal flow. This diagram would be used when 
matching the characteristics of the waveforms to those 
shown on an oscilloscope. By using a graticule whose lines 
have been given voltage values in accordance with the am-
plitude of a known voltage, the voltage at each of the test 
points could be checked. 

Lissajous Figures 

The phase relationship between two waveforms and the 
frequency of a signal can be measured on an oscilloscope. 
Patterns placed on the screen to accomplish this are called 
Lissajous figures. A Lissajous figure is the pattern obtained 
when AC signals are applied simultaneously to both sets of 
deflection plates. The following procedures are typical of 
most oscilloscopes. 
Phase Measurement—When you are measuring the phase 

difference between two signals, one signal is applied to the 
vertical and the other to the horizontal input. Turn the 
sweep off so that there will be no sawtooth voltage to inter-
fere with the signal in the horizontal channel. For greatest 
accuracy, the amplitudes of the two signals should be equal. 
Adjust the gain controls to obtain a pattern that is as high 
as it is wide. When measuring for phase difference, the two 
signals must, of course, be the same frequency. 

Q75. If test points H, G, and F in the diagram on the 
opposite page provide faulty indications and test 
point E does not, in which circuit is the trouble 
located? 

Q76. Patterns placed on the screen to show phase rela-
tionship are called   

Q77. Why would you want to enlarge a waveform pres-
entation on an oscilloscope? 

Q78. What is meant by the output stage in electronic 
equipment? 

Q79. How can the phase relationship between two wave-
forms be measured using the oscilloscope? 

Q80. When measuring the phase difference of two sig-
nals, their frequencies must be  
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Your Answers Should Be: 

A75. The trouble is in the sweep-oscillator circuit. This 
circuit has a good input, but it has a faulty output. 

A76. Patterns placed on the screen to show phase rela-
tionship are called Lissajous figures. 

A77. The presentation is expanded for better accuracy 
when viewing a waveform. 

A78. The output stage feeds the desired signal to the 
load of the equipment. 

A79. AC signals are simultaneously applied to each set 
of deflection plates when comparing their phase. 

A80. When measuring the phase difference of two sig-
nals, their frequencies must be equal. 

Analyzing a Lissajous Figure 

The figure below shows a Lissajous pattern for two sine 
waves. Numbers are assigned to corresponding voltage 
points on the two signals. Extensions of these points are 
brought to the screen. The intersection of corresponding 
numbered lines is the position of the electron beam at that 
instant of time. In this case the two sine waves are in phase. 

IISSAJOUS FIGURE— 

WAVEFORMS IN PHASE 

In the figure at the right, 
voltage/time relationships 
are different; corresponding 
voltage points are 45° apart. 
Therefore the waveforms 
are 45° out of phase. 
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The Lissajous figures on the preceding page are examples 
of a few out-of-phase relationships. An estimate of the phase 
difference of two signals can be made by observing the direc-
tion and amount of angle and the width of the ellipse. This 
will be close enough for most checks. 
However, if you desire to make the measurement more 

precisely and can locate values in a sine (trigonometry) 
table, there is another method available. In this case, the 
amplitudes of the two signals must he near the same size. 

The graticule is placed on the CRT, and the Lissajous fig-
ure is centered. The overall height and width of the ellipse 
should be equal in length. The distances h and W are shown 
in the figure above. The ratio h W is the sine of the angular 
phase difference. For example, if h were equal to 7 units 
and W equal to 8, then: 

h 7 
— = — = 0.875 
W 8 

This ratio is approximately the sine of 60°. Therefore, the 
two signals are 60° or 300° (360° — 60°) out of phase. 
Frequency Measurement—Frequency of an unknown sine 

wave is determined in a manner similar to phase measure-
ment. A known frequency is applied to the horizontal plates 
while an unknown waveform appears on the vertical plates. 
The resulting Lissajous figure will reveal the difference in 
frequency between the two. The reference frequency could 
be taken from a calibrated signal generator or from the 60-
cycle AC supply. 
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The electron beam will follow the voltage amplitudes 
placed on the deflection plates. If the waveforms are of the 
same frequency, the Lissajous figure will resemble those 
obtained in measuring phase relationships. 

BOTH FREQUENCIES EQUAL 

Frequency relationships can be determined by the number 
of loops or points that touch the top (or bottom) and one 
of the sides of the pattern. In the figures you have seen so 
far, there is one point of tangency at the top and one at the 
side. The frequency ratio is 1/1; the unknown has the same 
frequency as the standard. 

TANGENT POINTS 
TOP TANGENCY 

HSIDE 
TANGENCY 

TOP TANGENCY 

N SIDE 
TANGENCY 

In figure A (above) one cycle of standard frequency ap-
pears on the horizontal plates at the same time that two 
cycles of the unknown are on the vertical plates. There are 
two points (loops) of top tangency and one point of side 
tangency. Frequency ratios should be expressed in terms of 
vertical ( unknown) to horizontal (standard). The frequency 
ratio of figure A is 2/1. 

Q81. What circuits must be bypassed in the horizontal 
channel to obtain a Lissajous figure on the screen? 

127 



Your Answer Should Be: 

A81. The sync and sweep-oscillator circuits must be by-
passed. If a sawtooth wave and an external signal 
were fed to the horizontal-deflection amplifier at 
the same time, a Lissajous figure could not be 
developed. The sweep oscillator would also be 
highly erratic. 

Additional Samples of Lissajous Figures 

Both figures provide a vertical/horizontal (unknown/ 
standard) ratio of 3/1. But they do not look alike. Figure 
A is known as a closed patterri. If you will start at any 
poiht in the figure and follow the line, you will return to 

LISSAJOIIS RATIO 3/1 

n B 

the starting point. The figure is continuous; it has no begin-
ning or end. Figure B, however, is not continuous; it has a 
beginning and an end. Its pattern is open. 
The three points of tangency at the top and one point of 

tangency at the side are easy to count in figure A. But the 
three tangent points do not appear in figure B. The problem 
is resolved by counting tangency points in halves instead of 
units in an open pattern. Each line that terminates at the 
top or side is a one-half point of tangency. Each loop is 
considered to be two ends or two one-half points. Counting 
at the top, there is one loop (two halves) plus one end (one 
half) for a total of three halves. At the side there is a single 
end for one half. The vertical/horizontal ratio is three halves 
divided by one half, or 3/1. 

128 



A continually shifting Lissajous pattern results when the 
phase relationship between the two input signals is con-
stantly changing. The more complex the pattern (resulting 
from a frequency ratio having large numbers, such as 
17/13) the harder it is to interpret. It is better, then, to 
simplify the ratio, if possible, by changing the known fre-
quency. 
Other samples of frequency measurements in Lissajous 

figures are shown below. 

unedieee [ewe 

o 

121 D 

Q82. If the standard frequency is 180 cps. what is the 
frequency of the unknown in each of the above 
Lissajous patterns? 
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Your Answers Should Be: 

A82. Values of unknown frequencies are: 

(A) 900 cps; vertical/horizontal ratio is 5/1. 

(B) 20 cps; 1/9 ratio. 

(C) 108 cps; 3/5 ratio. 

(D) 150 cps; 5/6 ratio. 

WHAT YOU HAVE LEARNED 

1. You obtained additional practice in analyzing the way 
in which circuits operate. 

2. You also gained experience in reading schematic and 
block diagrams by tracing signals (waveforms) from 
stage to stage through the diagrams. A servicing block 
diagram was introduced. Waveform information con-
tained in such diagrams was found useful in checking 
circuit operation. 

3. An oscilloscope is a test instrument capable of present-
ing waveforms. An oscilloscope reproduces the ampli-
tude and time characteristics of a waveform. You can 
use this capability to check the condition of waveforms 
at selected test points in many kinds of electronic equip-
ment. The information you obtain will tell you the oper-
ating status of a circuit or help you to isolate trouble 
to a single circuit. 

4. A scope can be used for other tests in addition to check-
ing the shape of a waveform. Voltage measuring is one 
test. Since an oscilloscope has a relatively uniform de-
flection sensitivity ( inches per volt) or sensitivity fac-
tor (volts per inch) across its screen, this feature can 
be used to estimate the peak-to-peak voltage of a wave-
form placed on the screen. A graticule (plastic sheet 
containing horizontal and vertical lines) and a voltage 
standard are required. The graticule is placed on the 
face of the scope, and the standard voltage is applied 
to the vertical plates. 

5. Phase measurement is another test. The standard sig-
nal is applied to the horizontal amplifier, and the un-
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known is applied to the vertical amplifier. The resulting 
Lissajous pattern determines the phase relationship of 
the two signals. 

6. Lissajous patterns can also be used in measuring fre-
quency. A known frequency is applied to the horizontal 
amplifier ; the unknown is applied to the vertical ampli-
fier. By counting the number of tangency points at the 
top and at one side, a ratio of unknown to known fre-
quency can be obtained. After multiplying the ratio 
times the known frequency, you have the frequency of 
the unknown. 

7. An oscilloscope contains two basic sections—the CRT 
and control circuitry. The CRT is designed to place a 
controllable beam of electrons on the face of the tube. 
The circuitry controls the movement of the beam. 

8. An electron gun contains a cathode ( to emit electrons), 
a control grid (to control the intensity of the trace on 
the screen), a first anode (to develop the electric lenses 
that focus the beam on the screen), and a second anode 
(to accelerate the electrons toward the screen). Deflec-
tion plates in vertical and horizontal pairs are used to 
position the beam on the screen. If a waveform is ap-
plied to the scope, the plates deflect the beam according 
to the amplitude and time characteristics of the wave-
form. The screen is made of fluorescent materials that 
give off light when struck by fast-moving electrons. 
The picture seen on the screen is formed by the illumi-
nation of these materials. 

9. The control circuitry has two channels—vertical and 
horizontal. A constant-gain amplifier places the wave-
form to be measured on the vertical-deflection plates of 
the CRT. The beam follows the differences of potential 
between the two plates and, therefore, the amplitude of 
the waveform. 

10. The horizontal channel contains a sync circuit, a sweep 
oscillator, and an amplifier similar to that used in the 
vertical channel. The sync circuit obtains a synchroniz-
ing signal from the vertical amplifier, power line of the 
scope, or external source. The sync signal is applied to 
the sweep oscillator to synchronize its frequency in 
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phase with the waveform in the vertical channel. The 
shape of the sawtooth is such that when it is amplified, 
it will be the precise time base required to place one, 
two, three, or more waveforms on the screen at one 
time. The horizontal channel can be used for bringing 
an external signal into the scope. 

11. Controls are available to adjust the position of a wave-
form up and down or left and right on the screen. 

12. Intensity and focus controls vary the brightness and 
sharpness of the picture. 

13. Sync-circuit controls are two in number. The sync-
selector switch is used for selecting the correct sync 
signal. A lock control stabilizes the screen presentation. 

14. To obtain the correct time base for a wide selection of 
input frequencies, a coarse-frequency switch and a ver-
nier control are used. The coarse-frequency switch 
selects the approximate frequency setting; the vernier 
permits making fine adjustments to obtain a stable 
waveform. 

15. Controls for the vertical and horizontal amplifiers are 
identical. In this section of the front panel, jacks (or 
posts) are located to which test leads are connected. 
These jacks enable external signals to be brought into 
the amplifier sections. 

16. You are advised to study the manual that accompanies 
an oscilloscope before using it. Different scopes are 
designed differently. The manual will provide the infor-
mation necessary to operate and use the scope properly. 
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4 
Va,euum-Tube and 
Semiconductor 

Testers 

On completion of this 
What You chapter you will be able 

to use a tube tester, with-
Will Learn in its capabilities and limi-

tations, to check the quality 
of a vacuum tube. You will learn how to test tubes for 
emission, mutual conductance, shorts, noise, and gas. 
You will be able to explain how these tests are conducted 
in a tube tester, and thereby judge the validity of the 
readings. You will also learn how typical semiconductor 
tests can be made. If you study this chapter thoroughly, 
you will be able to make simple tests on tubes and semi-
conductors to determine their operating quality without 
the use of special instruments. 

,\111/,/ 

IS IT 1 1 OR 

TUBE-TESTER APPLICATIONS 

Claims have been made by many technicians that 50 to 
80% of all circuit troubles are caused by bad tubes. Since 
there are frequently six or seven components in a vacuum-
tube circuit, you might think that the component to be 
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tested first would be the tube. Even the lower percentage 
figure suggests that the law of averages is on your side. 
Although it is true that vacuum tubes fail more frequently 

than most other electronic components, an experienced tech-
nician would not grab at this statistical fact as the sole rea-
son for putting a tube into a tube tester. As you will discover 
in this chapter, there are many reasons why tubes fail, and 
a tube tester will not always reveal all of them. 
A tube which checks out as good on the tester may not 

function correctly in a particular circuit. A tube may appear 
bad during the tube test and still perform its function in the 
circuit. Also, a tube may have gone bad as the result of 
a faulty resistor, capacitor, coil, connector, or switch. For 
example, if a cathode capacitor shorts, the resulting increase 
in plate current could damage the tube. In this case, replac-
ing the bad tube with a good one will not correct the trouble. 
Sooner or later excess current will damage the new tube. 
These and other limitations of a tube tester, as well as 

its capabilities, will be described. The point to remember 
while studying and using a tube tester is the need for com-
mon sense and technical judgment in interpreting the read-
ings it may give. Reserve your conclusion that a tube must 
be bad until it has been technically proved. 

VACUUM-TUBE CHARACTERISTICS 

As in previous chapters, some underlying fundamentals 
will be reviewed before the test instrument itself is ex-
plained. For a tube tester, the fundamentals are the basic 
characteristics of a vacuum tube. 

Tube Types 

A vacuum tube consists of several elements inserted in a 
glass or metal container that has been evacuated (most of 
the air removed). Electrons move more readily in a vacuum 
than in air. An exception to the literal meaning of the term 
vacuum tube is a gas tube in which air has been replaced by 
an ionizing gas that supports electron flow. 

All vacuum tubes contain elements that aid or control the 
flow of current through the tube. A tube may have a heater, 
cathode, plate, and one or more grids. The combinations 
determine the type of tube and how it can be used in a cir-
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cuit. If the circuit is to act as a rectifier or detector, for 
example, a diode would be used. An amplifier or oscillator 
circuit would require a triode, tetrode, pentode, or other mul-
tielement tube. A circuit that detects and amplifies might 

use a duodiode triode. 

7 8 
DIODE 

2 4 

IWIN TRIODE 

DUODIODE 

PENTODE 

TRIODE 

DUODIODE TRIODE 

The tubes shown above are just a few of many combina-
tions of tube elements. To conserve space, equipment manu-
facturers use multipurpose tubes as much as possible. The 
duodiode, twin triode, and duodiode triode are just three of 
many examples. A number next to an element indicates the 
number of the pin to which it is connected. This is normal 

practice in most schematic diagrams. 
There are several different types of tube sockets required 

to accommodate the number and spacing of pins in the tube 
base. Samples of four different sockets are shown below. 

IWO LARGE WIDE SPACING 
HOLES EITHER SIDE 

OF SINGLE HOLE 

4-PIN 

8-PIN OCTAL 

KEYWAY 
IN SOCKET 
MATCHES 
KEY ON 
TUBE POST 

5- PIN 

7-PIN 
MINIATURE 

WIDE 
SPACING 

Ql. When numbering tube pins and socket holes for an 
8-pin tube, is the same number always assigned for 

each element? 

Q2. Electrons move more readily in a   than 

in 

Q3. What are the names of the elements that may be 
contained in a vacuum tube? 
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Your Answers Should Be: 

Al. No. There is no standard numbering system for 
tube elements. 

A2. Electrons move more readily in a vacuum than in 
air. 

A3. A heater, cathode, plate, and one or more grids may 
be contained in a vacuum tube. 

Tube Defects 

Tube elements are mounted very close to one another. 
Periodic heating and cooling of the tube can cause the metal 
in the elements to weaken and bend. If there is sufficient 
bending, neighboring elements could touch and cause a con-
dition of arcing or shorting. Such a tube must be replaced 
to restore proper circuit operation. 

PLATE 

TOP VIEW OF TUBE ELEMENTS 
CONTROL 

GRID 

CATHODE 

Normal Condition Grid Shorted to Cathode 
Modern manufacturing techniques are capable of produc-

ing a tube that is ruggedly constructed. Under normal oper-
ations, a heating element may operate for 2,000 hours before 
it weakens and opens. Its life is shorter under abnormal 
conditions, such as operating the heater at too high a tem-
perature or operating the tube continuously at its maximum 
ratings. When the heater or any other element opens, the 
tube will no longer conduct current properly. 
A decrease in the emitting capability of the cathode is 

another tube defect that frequently occurs. The cathode, 
when heated, will emit electrons into a cloud surrounding 
the element. When the plate becomes positive with respect 
to the cathode, the plate will attract a quantity of electrons 
that depends on the difference in potential between the two 
elements. 
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Figure A (below) shows how an electron cloud surrounds 
the heated cathode. Figure B represents normal current 
flow between cathode and plate. In figure C the emitting 

ELECTRON EMISSION 
CATHODE 

ELECTRON 
/CLOUD 

HEATER 

CATHODE 

DECREASED 
CURRENT 

- 

.,-•- - 

Illift-I 
WEAKENED 
EMISSION 

NORMAL 
CURRENT ELECTRON 

CLOUD 
• 

PLATE 

r 

NORMAL 
EMISSION 

DECREASED 
CURRENT 

o o 

NONUNIFORM 
EMISSION 

capability of the cathode has decreased after many hours of 
operation. A smaller quantity of electrons in the cloud causes 
a reduction in plate current. In figure D the cathode has 
weakened more in some areas than in others, resulting in a 
reduced number of electrons available for plate current. 
There are other tube defects that occur quite frequently. 

Leakage between the cathode and heater occurs when elec-
trons travel from the cathode to the heater after the two 
have become shorted or partially shorted. This leakage flow 
reduces the quantity of electrons available for full plate cur-
rent. If leakage is intermittent, it could add noise to the 
signal in the circuit. 

Vibration or overheating may loosen the elements or their 
supporting wires, causing microphonics. The tube picks up 
vibrations and acts something like a microphone. This hap-
pens when the vibrations cause changes in the capacitance 
that normally exists between tube elements. 
Tubes can become gassy when gas that was trapped in the 

metal of the tube elements is released. This gas interferes 
with the normal operation of the tube. 

Q4. List some of the common tube defects. 
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Your Answer Should Be: 

A4. Some of the common tube defects are: shorting, 
arcing, open element, decrease of cathode-emitting 
capability, leakage current flow, loose elements, and 
gas inside the envelope. 

Defect Check 

Many times a defective tube can be located without using 
a tube tester. Some of these checks are described below. 

Sight Check—If the tube is in the equipment with voltage 
applied, there are visual checks you can make. Look down 
toward the base of the tube. A small, red glow indicates that 
the heater is still operating. 

HEATERS I1V SERIES 
50L5 35W4 12BA6 126E6 12AT6 

4 3 4 3 4 3 4 3 4 3 

o  

o  
HEATERS I1V PARALLEL 

o 

13 13 13 13 
6AU6 6CB6 > 6AU6 6AL5 > 6CB6 

4 4 4 4 4 

If one heater in a series string opens, none of the other 
heaters will receive current. If you are using a sight check, 
look for the red glow in neighboring tubes. If the glow is 
missing, a heater may be open in any one of the tubes in the 
string. Figure A shows the way in which a series string of 
heaters is shown on a schematic diagram. From the sche-
matic you can also identify the pin numbers of the tube. 
With an ohmmeter you can determine whether or not the 
heater has opened. With the tube out of the socket, place 
the probes of the meter on the heater pins. If the heater is 
open, the pointer will not deflect ( infinite resistance). 
Also check the plates of the tubes. If any are glowing red, 

the tube could be drawing excessive current. If this is so, 
the trouble could be in tlie tube itself or in its circuit. Some 
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tubes are designed to operate at a red-hot temperature; 
these are usually found only in circuits that operate at peri-
odic intervals instead of continuously. 
Another visual check can be made. A blue glow inside the 

envelope indicates a gassy tube. Gas molecules in the tube 
are being bombarded by plate-current electrons and some of 
the energy is being released in the form of a blue light. Of 
course, it is normal for tubes that contain an ionizing gas 
to glow when they operate. A sight check for gas may not 
always be conclusive. There may not be enough molecules 
to cause a glow, but there may be a sufficient number to dis-

rupt the plate current: 
Touch Checks—Most tubes are warm or hot when plate 

current is flowing. Touch the tubes only momentarily, since 
many tubes operate at extremely high temperatures. A hot 
metal or glass tube usually indicates that the heater is 
operating. 
Tubes with loose elements can be detected when they are 

being used in a radio receiver or other equipment having an 
audible output. Sharply tap the tube and listen for noise 
(called microphonics) in the speaker. 
Substitution Test—Substituting a tube known to be good 

for one suspected of being bad is another test that can be 
made without a tube tester. Try to isolate the faulty circuit 
or group of circuits, and then substitute one tube at a time, 
listening or watching for a change in equipment operation. 
If no improvement is noted, replace the old tube and go to 
the next suspected stage. 

TUBE- TESTING METHODS 

TUBE TESTER 

Q5. Which of the above methods ( in addition to a tube 
tester) can be used to determine whether the heater 
of a glass vacuum tube is operating? 
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Your Answer Should Be: 

A5. All three—sight, touch, and substitution—can be 
used. 

TUBE TESTERS 

Visual, touch, and substitution tests are useful methods 
of identifying defective tubes. However, a test instrument 
could make these checks more rapidly. Such an instrument 
is called a tube tester or tube checker. 

What Will a Tube Tester Check? 

A tube tester can check almost all characteristics of a 
tube that you may desire to know. Expensive laboratory 
models are designed to duplicate the operating conditions of 
the circuit in which the tube is to be used. In other words, 
the tube tester is capable of imitating the circuitry so closely 
that it is, in effect, a controlled substitution check. 
Although expensive, this type of tube tester gives the kind 

of positive check that only actual circuit conditions make 
possible. A single tube type can be used in many different 
kinds of circuits. Within each of these circuit types there 
are many variations in circuitry and applied voltages. An 
example of this is shown below. 

CATHODE-FOLLOWER CIRCUITS 
+100V • +I50V 

INPUT 

INPUT 

1 -275V OUTPUT 

The only true way to determine whether the same triode 
will operate in either one of these cathode-follower circuits 
is actual trial in the circuit and observation of its perform-
ance. Laboratory models of tube testers approach this capa-
bility, but the simpler types do not. 
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Practical Tube Testers 

There are two varieties of practical tube testers—emission 
testers and mutual-conductance testers. 
Emission Tester—As its name implies, the emission tester 

measures the ability of the cathode to emit electrons. 
Although a defect in cathode emission is one of the more 
frequent causes of tube failure, it does not tell the full story 
about a tube. In the first place, the tester can only give a 
fair approximation of the life left in the cathode. Secondly, 
an emission test will not reveal the ability of single and 
multigrid tubes to amplify. 

PURPOSE OF AN 
EMISSION TESTER 

CATHODE CONDITION 

  1 

' 

Mutual-Conductance Tester—The terms mutual conduct-
ance and transconductance both have the same meaning. 
The term mutual conductance is usually used when discuss-
ing tube testers. 
The mutual-conductance tester measures the amplifying 

ability of a tube having grids. Mutual conductance is an 
electron-tube rating equal to the change in plate current 
divided by the change in grid voltage that causes the plate 
current change ( if the amounts of change are small and the 

plate voltage is constant). 

PURPOSE OF A 
MUTUAL-CONDUCTANCE 
TESTER 

Q6. What is the only positive test for a vacuum tube? 

Q7. Will an emission tester give a fair test of a diode? 
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Your Answers Should Be: 

A6. The only positive check for a vacuum tube is to 
determine whether or not it will operate properly 
in its designated circuit. 

A7. Yes. Since a diode does not amplify (has no grid 
elements), an emission test provides a fair indica-
cation of its operating quality. 

Measuring Mutual Conductance 

The mutual-conductance tube tester measures the ampli-
fication factor of a tube by solving the formula for mutual 
conductance, g„,. 

M I' (with E, constant) 
E„ 

where, 

is a small change in plate current, 
.àE„ is the change in grid voltage that causes I,„ 
E1, is the plate voltage. 

Mutual conductance is the ratio of a small change in plate 
current to the small change in grid voltage that produced 
it. In effect, a mutual-conductance tester holds the plate 
voltage constant while changing the grid voltage. It then 
measures the change in plate current that takes place. The 
resulting measured value in micromhos can be compared 
against the average value for the tube type. 
There are two types of mutual-conductance testers. One is 

called the absolute, or direct-reading, type. Its circuitry is 
designed to measure changes in plate current so closely 
that it can give a direct reading on a meter calibrated in 
micromhos. The other type, called a relative, or dynamic, 
tester, approximates the change taking place and provides a 
reading on a scale containing words or symbols. 
The tube tester most frequently used by technicians is the 

dynamic mutual-conductance type. It is not as expensive as 
the direct-reading model, but it is many times more useful 
than the emission tester. 
Either type of gm tester also tests for shorts, noise, and 

gas. The better emission testers also make these tests. 
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TEST 
TUBE 
TESTER 

•G m 

•EMISS ION 

 SHOWS NlORTS 

• GAS 

• NOISE 

Essential Parts 
Whether it is an emission or mutual-conductance type, a 

tube tester consists of a minimum of four main areas. These 
four areas are tube sockets, switches, test directions, and a 
meter. More complicated testers may contain additional 
functions. 
Tube Sockets—Tube sockets are required to hold the tube 

in the tester. Since there are a variety of different tube 
bases, there should be one socket for each of the popular 
types. A mutual-conductance tester might have as few as 
eight or as many as fourteen sockets, depending on how 
many different tube bases it is designed to accept. An emis-
sion tester repeats the same tube sockets a number of times 
to decrease the number of required switches. 

A TYPICAL TUBE TESTER 
7PIN 9PIN 

4PIN 5PIN &PIN 7 PIN OCTAL LOKTAL MIN. MIN. 

o 

0 0 

SHORTS 

• 0 • 

SHORTS NOISE 

. . 
..14 

FIL VOLTS BIAS 

4 
LINE ADJ 

• • • • • • 

P1 P2 P3 P4 P5 P6 

FIL FIL CATH GRID SCRN SUPR PIT 
I I 

TUBE CHART 
I I  o 

• 3K 

6K 
• 15K 

MI CROMHOS 

ON 

OFF 

Q8. Will a dynamic tube tester test for emission? 

Q9. What are the four basic areas in a tube tester? 
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Your Answers Should Be: 

A8. Yes. Since it measures the transconductance of a 
tube, the dynamic tube tester also indicates cath-
ode emission capability. 

A9. Tube sockets, switches, test directions, and a meter 
are the four basic areas. 

Switches—An emission tester can have as few as one or 
two switches. This tester is limited to making plate-current 
readings and possibly checking for shorts or gas. A mutual-
conductance tester has several switches. Rotary wafer 
switches can be used to connect standard voltages to the 
appropriate terminals of the socket, depending on the pin-
number arrangement (filament, grid, plate, etc.) of the tube 
being tested. Other switches include filament volts, bias, 
line adjust ( to zero meter), shorts (checking each pin with 
respect to the others), micromhos (select proper range for 
meter reading), and several push buttons (to select the 
desired test). 
Test Directions—Directions for setting the switches are 

included in a manual that accompanies the tester or on a 
paper roll built into the tester, as shown in the figure on the 
preceding page. A section of a typical chart is shown below. 

TUBE CHART 

SELECTOR SWITCHES S P 
TUBE FIL FFCGSSP 8 C R muT I AE 
TYPE VOLTSI I ARCUL A LSCOND 

LL TDNP IS ES  

12A4 

12A5 

12.6 

12.6 

5 

8 

6 

7 

2 

4 

9 

2 

1 

3 

2 

5 

1 

1 

3 

50 

6K 

3K 

P2 

P2 

4900 

1130 

NOTES 

Meter—All tube testers have a meter. Some have a scale 
that is divided into three areas marked, GOOD—WEAK— 
REPLACE, or similar words. Such a scale can be found on 
either an emission or mutual-conductance tester. Another 
meter may have its scale calibrated in micromhos to meas-
ure transconductance directly. This type of meter would be 
found only on a mutual-conductance tester. Some mutual-
conductance testers have both micromho and word scales. 
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TEST 
METER 

HOW TUBE TESTERS OPERATE 

The amount of plate current that flows in a tube can be 
used as an indication of the emitting capability of the cath-
ode. The circuit below provides this type of measurement. 

Emission Test 

In an emission test of grid-type tubes, the grid(s) and 
plate are connected together by switching or prewired tube 
sockets. The tube will then operate as a diode. R1 is set at 
the proper value for each tube so that the meter will read 

TUBE 
BEING 
TESTED 

GOOD, WEAK, or BAD. Since plate current will be pul-
sating DC, the meter will read its average value. 

Q10. For a 12A4 tube, which switch would you set to 
6K? Refer to the opposite page. 

Q11. What test would be made when P2 is pressed? 

Q12. What is the purpose of the Mut Cond column on 
the chart? 

Q13. What would the meter read if the cathode were 
open? 

Q14. What would it read if the grid and cathode were 
shorted? 
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Your Answers Should Be: 

A10. "6K" refers to a setting for the MICROMHO 
switch. 

All. Pressing P2 would connect the meter to read the 
mutual conductance of the tube. 

Al2. Each number under the Mut Cond column iden-
tifies the minimum value in micromhos that a tube 
of a given type should indicate. If the reading is 
below this number, the tube should be rejected. 

A13. BAD. If the cathode were open, no current would 
flow. 

A14. Too GOOD. Unless the meter or transformer were 
properly fused, the meter would be damaged by 
the excessive current flow. For this reason, a tube 
should always be checked for shorts before being 
tested for emission or mutual conductance. 

Limitations of an Emission Test 

The emission of a tube that indicates GOOD may be a 
false indication of how well the tube will operate. Sometimes 
a cathode will be highly electron-productive just before it 
goes bad. There may also be only one spot on the cathode 
that is highly emissive. Such a tube may give a good emis-
sion test but may not be good enough to operate in a circuit. 
Low emission does not necessarily indicate a bad tube. It 
may still have many hours of life left. A tube having grids 
may show good emission and yet not operate in a circuit. 

ISSION TES 

EMISSION TEST 

HAS 

LIMITATIONS 

Testing for Transconductance 

As stated previously, mutual conductance, has the same 
meaning as transconductance. It is a figure of merit designed 
into a tube. Transconductance indicates the ability of a tube 
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to amplify by specifying the change in plate current for a 
given change in grid voltage. A value of transconductance, 
expressed in micromhos, is assigned to each tube type in 
accordance with its design. 
Transconductance will decrease in a tube as it is being 

used. Reduction of transconductance will result from con-
tinued weakening of cathode emission and/or distortion of 
grid structure through periodic heating and cooling. A min-
imum value of transconductance can be assigned to each 
tube type. Any tube measuring below this value can then 
be considered to have fallen below the desired amplifying 
capability and should be discarded. 

................................ ............... ...... ......... ........ ..... 
FACTORS AFFECTING 
TRANSCONDUCTANCE 

A 
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O 
D 
E 

HEATER 
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-0 -0 - 0o 
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TU 
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A 

TRANS CONDLICTANCE AVAILABILITY ABILITY OF GRID 
IS M» OF + TO CONTROL CHANGE 

DEPENDENT ON ELECTRONS IN PLATE CURRENT 

................ .. ••••• • ..... ... .%em, 

Q15. What is transconductance? 

Q16. Transconductance is expressed in terms of what 
units? 

Q17. What factors reduce the transconductance of a 
tube? 

Q18. Transconductance of a tube will   as 
the tube is used. 

Q19. Does a low emission reading always indicate a bad 
tube? 
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Your Answers Should Be: 

A15. Transconductance is the ratio of plate-current 
change to grid-voltage change. 

A16. Transconductance is expressed in terms of micro-
mhos. 

A17. The transconductance of a tube is reduced by 
weakening of the cathode emission and distortion 
of the grid structure. 

A18. Transconductance of a tube will decrease as the 
tube is used. 

A19. No. 

Circuit Used To Measure Transconductance 

V, is the tube being tested. V2 is a full-wave rectifier in 
the tube tester. Its plates are each connected to equal sec-
ondary windings of a transformer. R1 and R2 are equal re-

TRANSCONDUCTANCE TESTER 

TUBE 
BEING 
TESTED 

1 

FIXED 
BIAS 

v 

- 

120 VAC 
60 cps 

sistances shunted across the meter in the tester. When a 
fixed bias is placed on the grid of VI, it will conduct through 
the rectifier. When voltage on the secondary is such that P, 
of the rectifier is positive and P., is negative, current will 
flow through R, from top to bottom. The pointer in the 
meter will tend to swing in one direction. During the next 
half cycle, Po will conduct. Current will flow through R. 
from the bottom to the top. The meter will tend to swing in 
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the other direction. At 60 cps the net movement of the 
meter is zero. 
An AC voltage can be applied to the grid of V, from a 

separate secondary winding. Suppose that this voltage 
makes the grid of V, less negative when P, is positive. Dur-
ing this half cycle, plate current will increase in V,. A larger 
amount of current will flow through P, and R1, tending to 
swing the meter pointer a greater distance across the scale 
than before. During the other half cycle, plate current 
decreases in V,. Less current flows through P2 and Ro than 
before, causing the pointer to tend to swing a smaller dis-
tance. Since the meter is passing more current in one direc-
tion than the other, the pointer will have a net deflection in 
one direction. The meter scale can then be calibrated in 
terms of the change of plate current that takes place with 
respect to a change in grid voltage. 

Limitations of a Mutual-Conductance Tester 

There are some limitations in the mutual-conductance 
tester. Manufacturers usually design their testers to show 
a tube defective when its transconductance has decreased to 
70 r of rated value. This figure is an average value. It is 
not valid under all conditions. Voltages applied to tube ele-
ments by the tester are only approximations of actual volt-
ages applied in a circuit. Therefore, this is not a positive 
indication of how well the tube will operate in its designated 
circuit. 

Testing for Gas 

As was mentioned before, a small amount of gas is some-
times present inside the tube envelope. When electrons from 
the cathode strike the gas atoms, electrons from these atoms 
are separated from their nuclei. The atoms become positive 
ions. They are attracted to the negative grid and draw elec-
trons from the grid circuit. Tube conditions are now no 
longer normal. 

Q20. Can a transconductance test be made on a diode? 

Q21. A tube is defective when its transconductance has 
decreased to approximately — of its rated value. 

Q22. What must a tube tester be able to measure to 
determine the transconductance of a tube? 
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Your Answers Should Be: 

A20. No. A diode has no control grid; therefore, the 
meter would read zero. 

A21. A tube is defective when its transconductance has 
decreased to approximately 70% of its rated 
value. 

A22. It must measure a change in plate current when a 
change in grid voltage is applied. 

A Circuit To Indicate the Presence of Gas 

The circuit below, which is found in most tube testers, will 
determine the presence of gas. With the switch in position 
1, the meter will indicate a value of plate current. When the 
switch is changed to position 2, there will be no change in 

TUBE 
BEING 
TESTED 
i-
1 

SW 

FIXED B+ 
BIAS 

the meter reading if very little or no gas is present. How-
ever, if positive gas ions are present, current will flow 
through lt,, and develop a positive polarity from the grid to 
cathode. Bias will be reduced, plate current will increase, 
and an increased reading of the meter will be noted. 

Testing for Noise 

Noise is caused by loose electrodes, nonuniform electron 
emission, and heater-cathode current leakage. 
Nonuniform emission may or may not be detected by an 

emission or transconductance check. Tube substitution may 
be the only reliable check. If the equipment has an audible 
or visual output, tapping the suspected tube may verify the 
suspicion of loose electrodes. Some tube testers provide a 
pair of earphone jacks to make such an audible check. 

, 
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The tube below is connected (switch position 1) as a diode, 
with the plate and cathode across the primary of the tester 
transformer. Plate current flows through the meter and a 
current-limiting resistance RI. In position 2 the cathode is 
"floating." If there is no current leakage between cathode 

TUBE 
BEING 
TESTED 

AC 

and heater, the meter pointer will drop to zero. If there is 
leakage, the meter pointer will drop, but not to zero. 

Testing for Shorts 

When the cathode switch is in position 2, the cathode is 
connected to one side of the secondary through a neon bulb. 
All other switches are in position 1, connecting the tube 
elements to the other side of the secondary. Current will 

TUBE BEING TESTED 

2 

flow only if the cathode is shorted to any of the other ele-
ments. If current does flow, both halves of the neon bulb 
will light. If the cathode is not shorted, only half of the 
bulb will light during the half cycle when the cathode is 
negative with respect to the other elements. All elements 
can be checked one at a time in this manner. R1 is a cur-
rent-limiting resistance to protect the lamp. R2 bypasses 
any small, stray, alternating currents around the lamp to 
prevent it from fully lighting when there are no shorted 
elements. Since tube elements may be loose, the tube should 
be tapped sharply while making the check. 

Q23. What factors cause a tube to produce noise? 
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Your Answer Should Be: 

A23. The factors that cause a tube to produce noise 
are: loose electrodes, nonuniform emission, and 
current leakage between cathode and heater. 

HOW TO USE A TUBE TESTER 

A tube tester is not difficult to use. Follow the instructions 
contained in its manual, and apply them with common sense 
and a knowledge of how the instrument operates. Carefully 
follow instructions that apply to setting up the tester. In 
addition to the serious error of a false reading, improper 
settings could damage a tube. 
After proper settings have been made, insert the tube in 

the proper socket, turn the power on, and move the meter 
pointer to the setting prescribed with the LINE ADJUST-
MENT control. Tubes should be allowed to warm up for at 
least one minute before making a test. Just before testing, 
make sure that the pointer is at its designated mark. 
Make tests in this order: 

1. Test for shorts. 

2. Test for cathode-to-heater leakage. 

3. Test for noise. 

4. Test for mutual conductance or emission. 

WHAT YOU HAVE LEARNED ABOUT TUBE TESTERS 

1. There are two general types of tube testers. An emis-
sion tester checks the capability of a cathode to pro-
duce electrons for plate current. A mutual-conductance 
tester approximates the gn, (transconductance) of a 
tube. 

2. A GOOD reading on an emission tester can be invalid, 
since a cathode is capable of emitting large quantities 
of electrons just before it fails. A BAD reading can be 
false, since a cathode may emit electrons at a decreased 
but steady rate for a long period of time. Although an 
emission test may be suitable for diodes, it does not 
measure the true quality of grid-type tubes. 
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3. In a mutual-conductance tester, tubes are checked under 
voltage and circuit conditions that approximate but do 
not duplicate the exact operating conditions of the cir-
cuit in which the tube will be used. 

4. A tube tester is made up of sockets (to test a variety 
of tubes), switches (to establish appropriate testing 
conditions for a particular tube) , a meter (to provide a 
measurement of tube condition), and a chart or table 
(to provide switch-setting and testing instructions). 

5. Meter scales on tube testers are of two general varie-
ties. The better mutual-conductance tester has a scale 
calibrated in micromhos. Other mutual-conductance and 
most emission testers have scales containing words sim-
ilar to GOOD—WEAK—BAD. 

6. Most good tube testers also check for noise, gas, and 
shorts. 

7. The only positive check of the quality of a tube is 
whether or not it will work properly in a specific circuit. 
This test is called a tube substitution check and can be 
made without a tube tester. Other checks that do not 
require a tube tester include visual and touch tests. 

Q24. Name three types of tests that can be made with-
out a tube tester. 

Q25. Why is the mutual-conductance test a better indi-
cation of the condition of a triode than the emis-
sion test? 

Q26. How could you determine, without using a tube 
tester, whether the heaters of a metal tube were 
working? 

Q27. What tube test should you make first? 

Q28. What does the mutual-conductance tester check? 

Q29. What does the emission tester check? 

Q30. A 12AU7 twin triode is connected in the amplifier 
circuit of a radio. The plate voltage ( 300V) is kept 
constant. The transconductance of the tube is equal 
to 3,100 I.Lmhos. What is the change in plate cur-
rent when the voltage applied to the grid changes 
from OV to — 8.5V? (Hint: g. = ,à4/,c,E when E, 
is kept constant.) 
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Your Answers Should Be: 

A24. The tests include visual (by eye), touch (by fin-
ger), and substitution (with a known good tube). 

A25. Since mutual conductance is a measure of the 
change in plate current that will occur as the 
result of a change in grid voltage, this test comes 
fairly close to measuring a tube under normal 
operating conditions. An emission test will only 
measure the ability of the tube to pass plate 
current. 

A26. Metal tubes would feel warm, sometimes very hot, 
if the heaters were working and the equipment 
were operating. Another check might be the use 
of an ohmmeter to measure for an open across the 
heater pins (with the tube not in the socket). 

A27. Test for shorts first. 

A28. A mutual-conductance tester measures a change 
in plate current when a change in grid voltage is 
applied. 

A29. An emission tester measures the ability of the 
cathode to emit electrons. 

A30. gni — P 
AEg 

= g, X AEg = 3,100 , mhos >< 8.5V = 26.4 ma 

SEMICONDUCTOR TESTING 

Semiconductors are relatively reliable devices. Some tran-
sistors, for example, are capable of operating for more than 
30,000 hours. 
One example of this reliability is a digital computer that 

was recently tested during its development. The computer 
contained over 100,000 crystal diodes and transistors. The 
test was run for two years, averaging 20 hours of operation 
per day. Within that period there were only three semicon-
ductor failures. 
While vacuum tubes are the source of most troubles in 

equipment in which they are used, semiconductors, particu-
larly transistors, are relatively troublefree. However, a tech-
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nician still must determine when a semiconductor device is 

operating properly. 

Locating a Faulty Semiconductor 
The approach to finding a bad semiconductor is the same 

as that for locating any other defective component. You do 
not test a component unless you have a good reason to sus-

pect that it is defective. 
Since most semiconductors are soldered into position, the 

advice above becomes even more meaningful. Soldering and 
unsoldering a number of transistors to find a suspected bad 
one can be a tedious, time-consuming chore. Excessive heat-
ing can ruin a semiconductor. Therefore, be sure there is 
a good reason for removing a transistor before doing so. 

Substitution Test—When you are reasonably sure you 
have found the circuit containing the trouble and that the 
trouble is, in fact, a semiconductor, you can verify and cor-
rect the trouble by a substitution test. As with vacuum 
tubes, this is probably the simplest and most reliable of all 
tests. When substitution of a good diode or transistor has 
restored the circuit to proper operation, the semiconductor 
that it replaced was the cause of the trouble. 
Be very careful when removing and replacing semicon-

ductors. Although strongly constructed, semiconductors are 
sensitive to excessive voltage, current, and heat. 
When soldering or unsoldering a semiconductor, use the 

minimum heat required. Keep the semiconductor away from 
the chassis. Use a low-voltage soldering iron (30 to 40 watts) 
and a heat sink, as shown in the illustration below. A heat 
sink is a device for dissipating heat. 

PLIERS USED AS HEAT SINK 
HEAT S I NK 

(LONG-NOSED PLIERS) 

D IODE 

LOW-WATTAGE 
IRON (30-40W) 

HEAT-SI NK BETWEEN DIODE AND 
IRON TO DI SS I PATE HEAT 

Q31. What factors can ruin a semiconductor? 
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Your Answer Should Be: 

A31. Excessive current, voltage, or heat can ruin a 
semiconductor. 

When a semiconductor is 
known to be defective, check 
the circuit for defects that 
may have caused the damage. 
If the defects are not elimi-
nated, they will also damage 
the substituted unit. These 
checks can be made with a 
voltmeter and ohmmeter. Com-
pare readings with those in 
the equipment manual. 

Crystal-Diode Tests 

A crystal diode is a semiconductor. Among the crystal-
diode family are general-purpose germanium and silicon rec-
tifiers (diodes) and silicon diodes constructed for high-power 
or very high-frequency purposes. Although these diodes may 
be effectively tested only under circuit operating conditions, 
other tests can be made. 

Resistance Measurement—A good diode will have a high 
resistance to current in one direction and a low resistance 
in the other. The ratio should be at least 10 to 1 for the 
diode to function as a rectifier. This is called a reverse-to-
forward (sometimes back-to-front) resistance ratio, with 
the greater value being in the reverse direction. 

TRANSISTOR 

EQUIPMENT MAN‘UAL 

FORWARD RES I STANCE REVERSE RESISTANCE 
50-80 OHMS GREATER THAN 500-800 OHMS 

DIODE RESISTANCE MEASUREMENT 
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Diode Test Set—Test sets are available to check the rec-
tifying qualities of a diode. Some of them provide a com-
bination resistance and current test. When the set is used 
as an ohmmeter, it will measure forward and reverse resist-
ance. When it is used as a milliammeter, it will measure for-
ward and reverse current. Others use one or the other to 
obtain the forward-to-reverse ratio. Most sets are con-
structed as shown in the following diagram. 

DIODE 

1711-rete 
DIODE 

BEING TESTED 

The diode is inserted in the device, and R1 is used to 
adjust the meter reading so that the pointer will remain on 
scale when the switch is thrown. The switch reverses the 
current direction through the diode. R2 limits the current 
to a safe value. 

Transistor Testing 

There are laboratory instruments that measure transistor 
characteristics in out-of-circuit and in-operating-circuit con-
ditions. Test sets of lesser capabilities are available for use 
by technicians concerned with repair, rather than design, of 
transistor equipment. However, many worthwhile checks can 
be made without the use of a transistor tester. 
When trouble occurs in transistor equipment, isolate the 

source of the trouble to a specific circuit before touching a 
single transistor. 

INPUT j_e. OUTPUT 6 

Q32. The reverse-to-forward resistance ratio of a diode 
should be at least — to — . 
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Your Answer Should Be: 

A32. The reverse-to-forward resistance ratio of a diode 
should be at least 10 to 1. 

Transistor Testing Precautions 

If the equipment manual contains waveforms at test points 
on a schematic or block diagram, an oscilloscope should be 
used to locate the circuit that is causing the trouble. If 
there are no waveforms available, voltage and resistance 
readings can be used to achieve the same results. As men-
tioned before, put off actual testing of a transistor until you 
are sure that it needs testing. When the faulty stage is 
isolated, use a multimeter to test the other parts of the 
circuit to determine whether abnormal conditions exist. 
The multimeter used should have a high impedance to 

prevent loading the circuit. Low impedance across a circuit 
will change resistance and current values and provide a false 
voltage reading. The battery voltage of the ohmmeter used 
should not be in excess of 3 volts. Larger voltages may send 
an excessive amount of current through the transistor. 
Parts and connecting leads are usually mounted very close 

together in the construction of transistor circuits. The metal 
tips of test probes are long enough to short-circuit leads 
when taking measurements. If this happens, excessive cir-
cuit voltage or current could be shunted to another part. To 
prevent this, insulate the metal portion of the probes so that 
only a short portion of the tip is exposed. 

INSULATE THE TEST PROBE 

NORMAL PROBE INSULATION 

--0-1 [4- 1/8" TO 114" 

PLASTIC TAPE OR OTHER INSULATING MATERIAL 

When using a test instrument such as an AC voltmeter 
that could have a capacitor in series with the test lead, 
ground the probe to make sure the capacitor is discharged. 
If the capacitor were to discharge through a transistor, the 
transistor would likely be damaged. 
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DISCHARGE 

CAPACITORS IN 

TEST EQUIPMENT 

BEFORE USING 

During the circuit-checking tests it is best to remove the 
transistor if it is the plug-in type. Removal is not absolutely 
necessary if you exercise necessary care. 
The technical manual for the equipment should supply suf-

ficient information to make circuit checks that include the 
transistor. These tests involve the amount of bias or voltage 
applied to and the current through the elements of a tran-
sistor. With the exception of some circuits (pulse and power-
amplifier stages, for example), transistors are usually biased 
so that 1/2  to 3 milliamperes flow through the emitter, and 
voltage from collector to base is usually 3 to 15 volts. 

Polarity, as well as the value of voltages, is particularly 
important to the safe operation of transistors. Check the 
amount of voltage first to be sure that it is not too high. 
Then determine if the polarity is in the correct direction. 
Voltage on PNP transistors must be negative on the col-
lector and positive on the emitter with respect to the base. 
Polarities in NPN transistors are the reverse of those in 
PNP types. 

TRANSISTOR VOLTAGE POLARITIES 

!COLLECTOR EMITTER l e ¡COLLECTOR 

E E E 

BASE 

PNP 

EMITTER i 

BASE 

NPN 
nbi 

Q33. If the trouble in a piece of equipment is isolated 
to one circuit, why should tests be made on other 
circuit components before testing the transistor? 
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Your Answer Should Be: 

A33. Detection and elimination of any abnormal circuit 
conditions will protect the new transistor. The 
transistor should not be unsoldered until you have 
determined the transistor may be defective. 

Transistor Tests 

If all checks indicate that the transistor may be defective 
and the transistor must be removed for further testing or 
replacement, turn off the power to the equipment. Removing 
or inserting a transistor in an operating unit causes the cur-
rent in the circuit to surge (rise) for instant. The surge 
may be enough to damage the transistor. 
Ohmmeter Test—Forward- and reverse-resistance checks 

of the transistor elements provide an indication of its con-
dition. 

OHMS 

RESISTANCE 
TEST 

To make the test, ohmmeter readings should be taken in 
both directions (reverse the test leads) from emitter to base, 
collector to base, and collector to emitter. The purpose of 
the test is to determine whether shorts or decreased resist-
ances between elements have occurred. The large-to-small 
ratios for emitter to base and collector to base should be 
500 to 1 or more. Direction of the ratio depends on whether 
the transistor is an NPN or PNP type. The resistance from 
collector to emitter should be nearly the same when meas-
ured in either direction. 
Most of the commercial testers are simple in design. Of 

the several tests that can be made in the laboratory, only a 
few are found in test sets normally used by technicians. The 
two most common tests are for leakage and gain. 
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Leakage Test—To determine leakage between elements, 
most testers place the transistor in series with a meter, bat-
tery, and current-limiting resistance. A good tester has a 

MEASURING LEAKAGE 

BETWEEN COLLECTOR 
AND EMITTER 

MEASURING LEAKAGE 
BETWEEN COLLECTOR 
AND BASE 

microammeter. If current readings exceed those stated for 
the transistor, it should be discarded. 
Gain Test—If transistor leakage current is within suitable 

limits, gain can be tested. Gain is a measurement of the 
change that occurs in collector current as a result of a small 
change in base current. The reason for this test is that the 
current gain capability of a transistor can decrease with age. 
A variety of circuits are used to measure gain. All result 

in a ratio of I,./I, ( collector current to base current). This 
ratio is matched against the minimum standard for the par-
ticular transistor. If the measured gain is too low, the re-
sistor should be discarded. This test is often referred to as 
direct-current gain, since changes in DC current are involved. 
Other Tests—More expensive sets measure the punch-

through (or break-through) voltage level between collector 
and emitter to base. If current passes at a prescribed rise in 
voltage between the elements, the transistor would be con-
sidered defective. 
An AC-gain test on a transistor is quite similar to a trans-

conductance test for vacuum tubes. This test measures the 
ratio of collector-current change to emitter-current change 
as an alpha amplification factor. The ratio of collector-cur-
rent change to base-current change is a beta amplification 
factor. Both ratios are measured with AC applied to the 
transistor and are then compared with desired values in a 
chart. 

Q34. What does a leakage test indicate? 

Q35. What does a gain test indicate? 
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Your Answers Should Be: 

A34. A leakage test reveals an excessive flow of cur-
rent between the elements in a transistor. 

A35. A gain test determines the ratio of the change in 
collector current to a corresponding change in 
base current. 

WHAT YOU HAVE LEARNED ABOUT 
SEMICONDUCTOR TESTERS 

1. Semiconductors, particularly transistors, are reliable 
and have a long life expectancy. 

2. A crystal diode is a semiconductor that allows current 
to pass more readily in one direction than the other. 

3. Transistors are sensitive to excessive heat, voltage, and 
current. 

4. When testing transistor circuits, observe these rules: 
(a) An ohmmeter that applies a voltage in excess of 3 

volts should not be used on a transistor. 

(b) Test-probe tips should be insulated to prevent ap-
plication of undesired voltages to transistors. 

(c) Capacitors in test leads or instruments should not 
be allowed to discharge through the transistor. 

(d) Make voltage and resistance readings in the circuit 
to locate any abnormal situation. 

(e) Do not remove or install a transistor when equip-
ment is energized. 

(f) To prevent loading, use a high-impedance voltmeter 
when taking voltage readings. 

5. Bias voltages and collector current can be measured in 
a transistor while it is still in a circuit. Measurement 
of reverse and forward resistances between the separate 
elements will indicate a defective transistor. 

6. A diode tester is designed to accurately determine re-
verse-to-forward resistance ratios. 

7. Transistor testers include circuits to measure collector 
leakage, DC gain, AC gain, and punch-through voltage. 
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5 
Bridge Instruments 

When you have corn-

What You pleted this chapter, you 
will be able to explain the 

Will Learn fundamental principles on 
which a bridge circuit is 

based. You will be able to determine how values of re-
sistance, capacitance, and inductance can be accurately 
measured by a bridge instrument. On completion of this 
chapter, you will be able to use a bridge instrument after 
only a brief period of study of the individual bridge 
device you intend to use. 

WHAT IS A BRIDGE? 

A bridge is a simple parallel circuit designed with a means 
of determining a potential difference between two parallel 
legs, as shown in the illustration below. 

KM 

BASIC BRIDGE 
CIRCUIT 

 LLI 

INDICATING 
DEV ICE 

I ND. I' 

1 
A' 

VOLTAGE I 
SOURCE  

E4 

If voltage were applied across the bridge (parallel) circuit, 
current through the indicating device would be zero only 
when the voltages appearing at points A and A' were equal. 
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Another fundamental principle is that the voltage across 
a parallel network is the same for either leg. In other words 
(disregarding voltage dropped in the conductors), 

El E2 = E3 E4 = Source voltage 

This means that a balance could be achieved between the 
two legs (no current flowing between A and A') if the ratio 
of voltages on either side of A were equal to the ratio of 
the voltages on the respective sides of A', or 

E, E3 

-É-72 — 

HOW DOES A BRIDGE CIRCUIT WORK? 

A brief review of circuit fundamentals may clarify this 
balance, or equality, between voltage ratios. In the parallel 
circuit shown below, R, = R. 

PARALLEL CIRCUIT— EQUAL RESISTANCES 
R1 

R1= 12Q 
R2- 12Q 
ER- 12V 

Disregarding the voltage drop in the conductors, the volt-
age difference between points A and B (above) will be that 
of the source ( 12V). The current through R, and R. will be 
1 amp each, or a total circuit current of 2 amps. Since the 
resistances and currents in both legs are equal, E1 is equal 
to Eo. Now divide one resistance into four equal parts. 

A 8 C D 

o  
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If the resistance, which shows a voltage difference of 12V 
from one end to the other, were divided into equal quarters, 
each quarter would represent 3V. Now divide both resist-
ances of the parallel circuit into equal quarters. 

EQUAL VOLTAGE POINTS 

R2 

 - 11111111 

12V 

How much voltage would you measure between points D 
and D'? The answer is zero volts. The potential difference 
between A and D is 9V; this is equal to the difference be-
tween A' and D'. Therefore, no potential difference exists. 
To show that the measurement works equally well from 

either end reference point, start from the other end of the 
network. The voltage at B with respect to E is —9V; the 
voltage at D' with respect to E' is —3V. Therefore the dif-
ference, 6 volts, will be measured from B to D'. 

Parallel Circuit—Unequal Resistances 

R1 - 3Q 

R 2 - 6Q 

EB • 12V 

Suppose that a parallel circuit had unequal resistances, as 
shown above. The voltage across R1 or Ro would be identical, 
that is, 12V. Again assume quarter-section divisions. 

Ql. What is the current through RC Through R.? 

Q2. What is the value of resistance in each quarter sec-
tion of R1? Of R.? 

Q3. What is the voltage difference between A and B 
(111)? Between A' and B' (R2)? 
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Your Answers Should Be: 

Al. The current through R1 is 4 amps; through R2, 2 
amps. 

A2. The value of resistance in each quarter section of 
11, is 0.75n; of R2, 1.5n. 

A3. The voltage difference between A and B (R1) is 
3V; between A' and B' ( 112), 3V. 

II >< R1 = 4 amps >< 0.759 = 3V 
12 X R2 = 2 amps >< 1.5e = 3V 

Voltage Relationships in Parallel Circuits 

For every point on one parallel resistance leg, there is a 
point on the other leg that is at the same potential. This is 
true whether or not the total leg resistances are equal. 

The voltage across a parallel network is the same for 
either leg. You can state that El = E3 and E2 = E, in the 
figure above if A and A' are at the same potential. These 
voltage relationships can be stated in terms of equal ratios: 

El ____ E3 
E2 E, 

Since E is equal to IR, the above ratios can be stated in 
another manner: 

El -= II X R1 
E2 =-- II X R2 

therefore, 

IlRI 12R3 

IIR2 - I2R4 
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How could the IR equation be restated in terms of resist-
ance only? I in each ratio is the same, and it can be can-
celled. Therefore: 

RI R3 

Ro R, 

Since the voltage drop across each resistor equals the leg 
current times the resistance, the resistances must have the 
same ratio as the voltages. The ratio can also be reasoned 
from the example below: 

 'VV\A•  
R • 2Q 1 R2=4Q 

Rr4Q R.1 8Q 

Is MO* 

24V 

41 111111, 

Both resistance ratios are equal to 1/2 : 

2 4 1 
482 

The current in each leg is: 

24V 24V I --  — 4 amps 
RI -I- R2 6n 

24V 24V I' = — — 2 amps 
R3 ± R4 12i1 

Both voltage ratios are 1/2  also. 

IR, I'R3 
PR4 

4 x 2 2 >< 4 1 
4 x 4 2X8 2 

Q4. Resistances in two parallel legs of a circuit will have 
a — — —_ potential difference between two propor-
tional points on either resistance. 

Q5. The voltage ratios in each leg of a parallel circuit 
must be equal to what? 
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Your Answers Should Be: 

A4. Resistances in two parallel legs of a circuit will 
have a zero potential difference between two pro-
portional points on either resistance. 

A5. The voltage ratios in each leg of a parallel circuit 
must be equal to the resistance ratios of the respec-
tive legs. 

RESISTANCE BRIDGES 

If the ratios of two resistors in each leg of a parallel net-
work are the same, the voltages at each of the corresponding 
junction points between resistance pairs are the same. 

ZERO VOLTAGE DIFFERENCE 
SHOWN ON THE METER 

Suppose the 8-ohm resistor in the illustration above is 
changed to 4 ohms. The resistance ratios are no longer 
equal. The current in the lower leg is now 3 amps, and the 
voltage at A' becomes 12V compared to 16V at A. The meter 
now reads 4V. 

If you change this circuit to that shown below, you have a 
means of measuring an unknown resistance. 

R1 A R2 
Ra = ADJUSTABLE 

RESISTANCE 

Rx - UNKNOWN 
RESISTANCE 

R1 . Ra 

R2 Rx 
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When the resistance ratios in the legs are not equal, there 
will be a voltage difference between A and A'. Current will 
flow through the meter. When R. is adjusted to register 
zero current, Ri/Ro = Rn/R,. If there were a means pro-
vided to show the value of R. at this setting, how could you 
determine the value of Rx? 
Assume R„ is equal to 13 ohms: 

(1 ) Lt = —Ra 
R2 R. 
4 1 13 u 
= , , = 13n 

If Ri is 4n, R2 is 3n, and R. is 8d, what is the value of Rx ? 

Ri R. 

R2 = R. 
4 8 . 

R. 
°Iz 

Both problems were solved by selecting a value for Rx that 
would make the right-hand ratio proportional to the left. 
Since R„ was twice Ri, R2 was multiplied by 2 to get L. 
solution becomes more difficult. 
Multiply both sides of equation ( 1) by both denominators: 

When ratios do not result in these convenient multiples, the 

R2 X  R. X  RI = R. R2 X  Rx 
—————— 1 1 Ro 11 X „ 1 1 

Cancel like terms in numerators and denominators on 
either side of the equality sign. This results in: 

Rx X RI = R. X R2 

Divide both sides by Ri to obtain 

(2) R. ___ R. X R2 

RI 

Find Rx when: 

Q6. R1 is 200, R2 is 400, R. is 80. 

Q7. R1 is 80, R2 is 20, R„ is 42. 

Q8. Ri is 30. R2 is 70, R. is 9. 

Q9. R1 is 40, R2 is 56, R. is 10. 

169 



Your Answers Should Be: 

A6. 160 ohms. R, — 80 X 400 
200 

A7. 10.5 ohms. R. — 42 >< 20 
80 

A8. 21 ohms. Rx — 9 X 70 
30 

A9. 14 ohms. R„ 10 >< 56  
40 

THE WHEATSTONE BRIDGE 

You have, in effect, constructed a bridge for measuring an 
unknown resistance that is quite similar to an actual bridge. 
You have performed the mathematics required to find the 
value of the unknown resistance in the same manner as if 
you were actually using a bridge. 
The most common type of bridge used for measurement 

is the Wheatstone bridge. Commercial models of this type 
of bridge can measure values of resistance from 1 ohm to 1 
megohm with an accuracy of -±- 1 . More expensive models 
can accurately measure resistances between 0.1 ohm and 
approximately 12 megohms. 
Necessary components include a voltage source (usually 

a battery for resistance measurements), an indicating device 
(usually a sensitive galvanometer similar to those used in 
multimeters), accurate standard resistances that establish 
the ratio for measuring purposes (R1 and R»), a variable 
resistance for achieving a voltage balance between the two 
parallel legs ( usually an accurate potentiometer with a scale 
on the front panel), and a means of connecting an unknown 
resistance into the bridge. All parts are designed for pre-
cise values to insure the highest degree of accuracy. The 
meter is usually shielded to prevent stray fields from adding 
error or fluctuation to the reading. 

Schematic Representation 

In nearly all cases, the commercial bridge is shown sche-
matically in diamond shape. Both diamond and rectangular 
shapes are shown on the opposite page. 
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WHEATSTONE BRIDGE 

The meter is usually the type that has a center-scale zero. 
This permits the meter to record current going in either 
direction between the two parallel legs. A momentary-con-
tact switch in series with the meter is normally open to keep 
the meter out of the circuit during the setting-up process. 
The switch is closed momentarily to observe meter deflec-
tion. The amount of deflection and its direction provide an 
estimate of how much R„ should be changed. Adjusting R„ 
for a zero reading is often called adjusting for a null. 

Bridge Operation 

In the typical circuit below, 11.. can be set at one of four 
positions to establish the /R., ratio. In position 1 the 
ratio is 1/1; in position 10 it is 1/10, etc. 

RESISTANCE 
BRIDGE 

R1 

Ra 

10 100 

R2 1000 

R„ may be a single wirewound potentiometer with values 
calibrated on a front-panel scale, or it may be several decade 
(10-position) switches in series. One switch adds resist-
ances in multiples of one, a second in multiples of 10, etc. 

Q10. How accurate is a good Wheatstone bridge? 

Q11. What is a decade switch? 
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Your Answers Should Be: 

A10. A good Wheatstone bridge has an accuracy of 
about 1%. 

All. A decade switch has ten calibrated contact posi-
tions. 

Operating the Wheatstone Bridge 

In some bridges the power supplies are variable types to 
provide low current for low resistances and high current for 
high resistances. In many models the desired current is 
obtained by means of a current-limiting resistance. 

Since the meter could be damaged if there were a large 
potential difference between the two legs, the shunt resist-
ance connected to the meter is often made variable. 

--o 
METER 
SWITCH 

METER SHUNT 

METER 
PROTECTION 

It is not often possible to make a reasonable guess as to 
the value of the unknown resistance. In such a case, the 
bridge ratio and R„ cannot be set at values that are close to 
the unknown, thereby keeping the potential difference across 
the meter to a minimum. When securing R. to the measur-
ing posts, the meter shunt should be moved to its lowest 
resistance. The meter switch is depressed, and meter deflec-
tion is noted. As Ri, and the bridge ratio are adjusted closer 
to the value of R. (less difference of potential), the meter 
shunt is increased in resistance to permit greater sensitivity 
of measurement. During the final adjustment for a meter 
null (zero), the shunt arm is no longer contacting resist-
ance, and all available current is flowing through the meter. 

Another Resistance Bridge 

There are variations of the basic Wheatstone bridge, such 
as the one shown at the top of the next page. 
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In this bridge the Ri/R0 ratio is established by a poten-
tiometer. The movable contact of the potentiometer is con-
nected to a pointer on a direct-reading scale. The potenti-
ometer is adjusted for a null reading on the meter, and the 
value of R. is read directly from the scale in the range that 
depends on the setting of Ra. The three resistances of Ri, 
increase in multiples to make it possible for a single pointer 
to serve all three scales. If R. were 15 ohms in position 1 
and 1,500 ohms in position 2, it would be 150,000 ohms in 
position 3. Other multiples could be used, as well as a dif-
ferent number of resistances. The sample shows a bridge 
capacity from 0.5 ohm to 5 megohms in three ranges. 

Q12. Why is the power supply of a resistance bridge 
made variable? 

Q13. How is this done? 

Q14. What is meant by a meter null? 

Q15. What method is normally employed to protect the 
meter from large voltages? 

Q16. What is the value of R„ in figure A below when R. 
is set at 5 ohms? 

Q17. What is R. in figure B when R. is 500 ohms? 
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Your Answers Should Be: 

Al2. The power supply is made variable to provide the 
correct amount of current for the various values 
of resistances. 

A13. This is done by means of a current-limiting re-
sistance. 

A14. A meter null is that reading when the pointer ind i-
cates zero. 

A15. The shunt resistance connected to the meter is 
varied with respect to the amount of voltage 
applied. 

A16. R. equals 25 ohms. 

R2 X Ra  

R„ 50 X 5 
10 

= 25 ohms 

A17. R. equals 5,000 ohms. 

R. 10,000 >< 500 
1,000 

R. = 5,000 ohms 

MEASURING CAPACITANCE WITH A BRIDGE 

Using the same ratio principles, a bridge can also be made 
to measure the value of an unknown capacitance. The basic 
circuit is shown below. 

eedpderrw,vivel-- 
se/Dei-- 

A DC voltage source cannot be used because of the capaci-
tors. As shown, the source must be AC. Most commercial 
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models employ a frequency of either 60 or 1,000 cps. If the 
instrument is designed for a 60-cycle source, voltage may be 
taken directly from the power line. For 1,000 cycles, some 
models may have an oscillator built into the bridge, and 
others may have provisions for connection to an external 
oscillator. 
The indicator may be a built-in AC meter that allows cur-

rent to pass through it in one direction only. Some units 
have jacks into which earphones can be plugged to listen 
for the null. Greater accuracy can be achieved by using a 
VTVM. This is because the VTVM can give a relatively 
large meter deflection even though the voltage difference 
between the legs of the bridge is small. 
The principle of voltage ratios that you learned about a 

resistance bridge applies to the capacitance bridge as well. 
To obtain a null reading on the indicator, the voltage ratios 
in each leg of the parallel network must be proportional. 

3E1D6g MMIICM 

IND 

X c1 

12X c2 

A' 

AC VOLTAGE 

FOR NULL INDICATION, 
VOLTAGES AT A AND A' 
MUST BE EQUAL. 
THEREFORE: 

II RI 12 R2 

11,X I2X C2 

Q18. What type of voltage source must be used in the 
capacitance-bridge circuit? 

Q19. What type of indicator offers the greatest accuracy 
in a capacitance bridge? 

Q20. To obtain a null reading on the indicator, the volt-
age ratios in each leg of the bridge must be 
 to each other. 

Q21. If the voltage drop across one of the resistors is 
expressed as IR, how would you indicate the volt-
age across one of the capacitors? 
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Your Answers Should Be: 

A18. An AC voltage source must be used in a capaci-
tance bridge. 

A19. A VTVM is the most accurate indicator for a 
capacitance bridge. 

A20. To obtain a null reading on the indicator, the volt-
age ratios in each leg of the bridge must be pro-
portional to each other. 

A21. IX,. As you recall, voltage across a capacitor de-
pends on its reactance, Xc. 

Determining Capacitance-Bridge Ratios 

As before, the current symbols cancel out, leaving ratios 
expressed in terms of resistance and reactance. If you wish 
to use the bridge for its intended purpose, reactance must be 
converted into capacitance. Capacitive reactance is: 

1 
2/rfC 

Before substituting the right element of the equation for 
Xc in the ratios and making the solution more complex than 
necessary, the ratios can be changed as follows: 

R1 R2 R X .—....,_ becomes „..„ 1 = ,c1 
Xel 242 112 Ae2 

Substituting for Xc in the right-hand ratio, you obtain: 

1 1  
IrfC, : 27rfC2 

Inverting and multiplying: 

1  x 2rfC2 C2 
IrfCi 1 C1 

The Id's cancel out. The expression in terms of C is now: 

R1 C2 
R2 = C1 

The values of C are inversely proportional to the values of 
R in their legs of the circuit. This makes sense because a 
large capacitance has a small reactance. 

176 



Practical Capacitance Bridge 

The schematic for a typical capacitance bridge is shown 
below. A close study of this illustration will reveal that it is 
essentially the same type of parallel circuit as those on the 
preceding pages. 

CAPACITANCE ERIDGE 
UNKNOWN 

By manipulating a switch, one of several capacitors can be 
selected as a standard, depending on the size of unknown Cx. 
A calibrated potentiometer adjusts the bridge ratio ( 11i/R0) 
for a null reading on the indicator. With this arrangement 
the arm of the potentiometer can be connected to a pointer 
that moves on a scale calibrated in capacitance values. This 
will be true only if all of the standard capacitors increase in 
value by the same multiple. 
The above bridge is suitable for measuring capacitors with 

little or no series resistance and no leakage between the 
plates. Significant values of either series or parallel resist-
ance (leakage) will prevent balancing the bridge. This bridge 
can check most paper, ceramic, and mica capacitors. 

Q22. What must the relationship of the standard capaci-
tors be to permit adjustment of the potentiometer 
to proportional bridge ratios? 

Q23. If RI/R2 is 1/10 and C, is 1,200 pf, what is the 
value of C2? (Refer to the circuit on page 174.) 

Q24. If RI/R2 is 1/100 and C2 is 12 pl, what is the value 
of Ci? 
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Your Answers Should Be: 

A22. The capacitors must increase in value by the same 
multiple. 

R A23. C, = 120 14. 

A24. CI = 1,200 p.f 

Measuring Power Factor 

Large capacitors have an internal resistance. This resist-
ance must not only be compensated for in the bridge to ob-
tain a null reading, but it also must be measured to deter-
mine the power factor of the capacitor. 

R 300 
RESI STANCE 

g 
• I,-

X e  

POWER 
FACTOR 

Z- \./ R2+Xc2 

- 50Q 

A CAPACITOR HAS 

RESISTANCE IN SERIES 

WITH ITS PLATES 

POWER FACTOR -RESISTANCE 
IMPEDANCE 

As shown above, the power factor of a capacitor varies in 
accordance with the size of its internal resistance. The dia-
gram on the left shows the relationship between the resist-
ance and impedance elements of a capacitor; it also shows 
how impedance can be determined for the power-factor for-
mula. If the internal resistance is zero, the power factor is 
zero. If the power factor is large (stated in percentage), it 
may seriously affect the operation of the circuit or device. 
Many bridges contain provisions for measuring power fac-
tor. One method is shown below. 

IND 

A011-  (  

POWER 
FACTOR Re 

--/W\AH 

C 
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The Ri/R2 potentiometer is adjusted for a null indication 
as was done before, or as close as the resistance of Cx will 
permit. The variable resistance in series with C1 is then 
adjusted for the final null reading. A front-panel extension 
of the variable resistance, probably labeled POWER FAC-
TOR, will give the precentage of power factor. 

Measuring for Capacitor Leakage 

A leaky capacitor is one in which the dielectric, having 
lost some of its insulating quality, permits electrons to travel 

tbfeiler 

from one plate to the other. Leakage is considered to be a 
resistance in parallel with the capacitor. 

*Weil 

VARIABLE 
STANDARD 

Essentially this is the same basic circuit as before. A 
switch on the front panel connects a variable resistance in 
place of C1 and changes the voltage source to a variable DC. 
Voltage is set at the rated working voltage of the capacitor. 
An electrolytic capacitor will be damaged if polarities are 
not observed when connecting it to the measuring posts. R„ 
is adjusted to balance the bridge and obtain a null reading. 
If the measured resistance is low, leakage is high. 

Q25. In the illustration above, the voltage at A should 
be (greater than, the same as, less than) the volt-
age at A' to get a null reading on the indicator. 

Q26. Why is a DC voltage used to measure capacitor 
leakage in the above circuit? 
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Your Answers Should Be: 

A25. The voltage at A should be the same as the volt-
age at A'. 

A26. If AC were used, reactance would be added to the 
upper leg of the circuit. The bridge could not be 
balanced using R,. 

MEASURING INDUCTANCE WITH A BRIDGE 

Inductance can be measured with the bridge shown here. 
In previous bridges, a resistor was used for balancing a 
resistor, and a capacitor was used for balancing a capacitor. 

R1 
LIGninimmkGING 

CU=Ia r Lx i 

OHDUCUntg 
M30D6g 

In this circuit, however, a capacitor is used to balance the 
inductance of a coil. A standard inductance could be used 
in place of the capacitance, but this would result in a few 
undesirable conditions. 
The illustration below shows how the electromagnetic 

field around a coil can cut through a conductor and induce 
error-producing currents. The capacitor electrostatic field, 

 o o  e , 
e 

INDUCTOR FIELD 
 Nf 
CONDUCTOR CAPACITOR FIELD 

however, is mostly contained within the capacitor. An addi-
tional advantage of the capacitor is that it does not pick up 
stray fields as a coil does. 
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If inductors were used to balance the bridge, they would 
be larger and more expensive than equivalent capacitors. 
Size and cost of the instrument would be greater. Finally, 
the same capacitors can be used for measuring both induct-
ance and capacitance in the same bridge. 
Using a capacitor opposite an inductor in a bridge, how-

ever, has one disadvantage. The current through the coil 
branch lags the current through the capacitor branch. The 
phase difference makes it impossible to balance the bridge. 
This condition can be compensated for by placing the un-
known coil and the standard capacitor in opposite legs of 
the bridge across the indicator, as shown in the illustration 
on the opposite page. 

Typical Inductance Bridge 

In the inductance bridge below and the one just discussed, 
a null condition is established by the values of C1 and Ro. 
With a proper value of CI, Ro (a variable resistance) is 
adjusted for a zero reading. The position on a front-panel 
scale of a pointer linked to R indicates the value of I..,. 

O wee eerie iffedeNT 

Measuring the Q of an Inductor 

An inductor has a Q level, or figure of merit, that is its 
reactance-to-resistance ratio (2efL/R). Resistance is that 
of the wire used in the coil and is considered to be in series 
with its reactance. Heavy wire and a small number of turns 
produce a high Q; a smaller wire and more turns produce 
a lower Q. Since Q, a measure of quality, is a factor used to 
determine the sharpness of resonance of a circuit employing 
both L and C, it is desirable that the Q of the coil be meas-
ured. R3 in the circuit above is used for this purpose. Its 
scale can be calibrated in Q. 

Q27. What is used to balance the coil inductance in an 
inductance bridge? 
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Your Answer Should Be: 

A27. A capacitor is used to balance the inductance of 
the coil in an inductance bridge. 

WHAT YOU HAVE LEARNED 

1. A bridge is a test instrument capable of accurately 
measuring resistance, capacitance, inductance, and 
reactance. Although a bridge may not have a scale 
calibrated in reactance, you can determine reactance if 
you know C or L and the frequency. 

2. The Wheatstone bridge utilizes the basic principle on 
which all bridge circuits are built. The arrangement of 
the bridge elements is such that the voltage ratios 
between the elements in the parallel legs can be adjusted 
to achieve a null (zero current) in an indicator placed 
between the parallel legs. 

3. Each bridge requires a source of voltage, a parallel net-
work containing sufficient variable elements to balance 
the bridge, an indicator to determine when the bridge 
is balanced (null indication), a scale to determine the 
ratio of the elements involved or a direct readout of the 
unknown value, and operating controls and jacks. 

4. A resistance bridge contains a DC voltage source, a 
sensitive DC meter, and a parallel network of resist-
ances. When a condition of balance exists, the unknown 
resistance can be determined by a direct reading from 
a calibrated scale or by calculation. 

5. A capacitance bridge contains an AC voltage source, a 
sensitive AC meter (or headphones), and a parallel net-
work of resistance and capacitance. 

6. With appropriate modifications, a capacitance bridge 
can measure the power factor and leakage of a capaci-
tor. 

7. An inductance bridge contains the same voltage source 
and indicating devices as the capacitance bridge, but its 
parallel network is normally made up of resistance, 
capacitance, and the unknown inductance. 
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The Signal Generator 

There are occasions 
What You when a technician finds 

it necessary to apply a 
Will Learn standard signal to an elec-

tronic circuit or device for 
testing or troubleshooting purposes. A signal generator 
is an instrument that serves as a source for such a 
signal. Within its designed range, it provides a signal 
having controllable frequency, amplitude, and modula-
tion characteristics for testing or troubleshooting. 
On completion of this chapter you will be able to apply 

an understanding of basic electronic principles to the 
operation of a signal generator. You will learn how to 
effectively operate a signal generator after a brief study 
of its operating manual. You will also be able to use a 
signal generator in making troubleshooting checks. 

WHAT IS A SIGNAL GENERATOR? 

A signal generator is basically a transmitter. Although a 

SIGNAL 
GENERATOR 
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transmitter may emit signals at a higher power and include 
more circuitry than a signal generator, the basic functions 
of the two are identical. As shown, the basic functions 
include a power supply, an oscillator, a modulator, and an 
output circuit. Each function may require a group of many 
circuits in a transmitter; in a signal generator, however, 
each can be accomplished by only one or two circuits. 

FUNCTIONAL UNITS IN A SIGNAL GENERATOR 

Since the power supply of a signal generator is fairly 
standard, it will not be described. However, an understand-
ing of how the other circuits work will be very helpful when 
using a signal generator. 

Generator Oscillator 

An oscillator is a circuit capable of generating a series of 
identical waveforms at some desired frequency (number of 
oscillations per second). 

Signal generators are classified in accordance with the fre-
quency range of their oscillators. Audio-frequency (AF) 
generators usually cover a range from about 20 to 20,000 
cps. Radio frequency (RF) generators begin at 20,000 cps 
and end at several thousand megacycles. 

Modulation Oscillator 

In a transmitter, the frequency generated by the oscillator 
is called a carrier frequency. Waves produced by a current 
of this frequency are capable of traveling many miles. The 
carrier wave has a constant frequency and amplitude; its 
purpose is to carry information, or intelligence, from a trans-
mitter to a receiver. The carrier is altered by having another 
frequency, representing the intelligence, superimposed on it. 
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For example, the standard broadcast band has carrier fre-
quencies between 535 and 1,605 kilocycles. Intelligence, in 
the form of sound (voice, music, etc.), is superimposed on 
the carrier and later taken from it in the receiving set. 
The process of superimposing intelligence frequencies on 

a carrier frequency is called modulation. To be useful, an 
RF signal generator must be capable of modulating its car-
rier. It does so with an audio-frequency signal developed by 

a modulation oscillator. 

MODULATION 
OSCILLATOR 

I-- TIME 

-1-
AMPLITUDE 

AMPLITUDE 

Amplitude Modulation—There are several types of modu-
lation. Amplitude modulation is the form used in standard 
broadcast transmissions (535 to 1,605 kc) and is defined as 
the process by which the carrier is varied in amplitude to 
resemble the amplitude and frequency of the intelligence. 

CARRIER FREQUENCY 

1111 1111 111 11,1 111IPI 

AMPLITUDE 
MODULATION 

Ql. What is the name given to the transmitted fre-
quency that the generator oscillator duplicates? 

Q2. Why is amplitude modulation the name given to the 
type of waveform shown in the above illustration? 
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Your Answers Should Be: 

Al. Carrier frequency. It carries the frequency of the 
intelligence superimposed on it. 

A2. The amplitude of the constant carrier frequency is 
modulated (varied) to conform with the frequency 
and amplitude of the intelligence signal. 

Modulation Requirements 

Although the generator oscillator must be capable of 
reproducing the frequency of the carrier, the modulation 
oscillator need not cover the entire audio range. In some 
signal generators, only a single modulation frequency is 
developed. Other signal generators may have two or three 
modulation frequencies or a variable modulation frequency. 
Per Cent of Modulation—The amount that the carrier 

amplitude is varied is called per cent of modulation. It is 
controlled by the amplitude of the modulating signal. 

MODULATION PERCENTAGE 
A 

LESS THAN 100% 
MODULATION 

100% 
MODULATION 

MODULATED CARRIER 

MODULATING SIGNAL 

OVER 100% 
MODULATION 

The amplitude of the modulating signal in part B above 
is such that the envelope (outline of modulation on the car-
rier) is caused to become zero for an instant before rising 
again. This is 100 modulation. Modulation is less than 
100 fÁ in part A. The exact percentage is determined by the 
relationship between the amplitudes of the carrier and mod-
ulating waves. Part C shows modulation greater than 100 . 
This causes distortion in reception. 
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Since there is little need for modulating an audio fre-
quency, this feature is seldom found in AF signal gener-
ators. Better models of RF generators always incorporate 
some form of modulating capability. In some RF generators 
the amplitude of the modulation-oscillator signal can be 
varied; in others it cannot. Some models permit an external 
audio oscillator to be used for modulation. 
Frequency Modulation—Another method of superimposing 

an intelligence signal on the carrier is called frequency mod-
ulation (FM). In frequency modulation, the frequency of 
the carrier is varied in accordance with the frequency and 
amplitude of the modulating signal. 

FREQUENCY MODULATION 

r- - NORMAL 
CARRIER 

II 

— FREQUENCY MODULATED  4* NO RMAL 
CARRIER 

Notice in the diagram above that the frequency of the 
FM carrier varies, but its amplitude remains the same. Study 
the following diagrams. 

•••• 

1.• 

LOWER -* 
-0— FREQUENCY -• FREQUENCY 

H I GHER 

LOW-AMPL ITUDE AUDIO 

••• 

MUCH LOWER4 .- MUCH  HIGHER 7.1 
FREQUENCY FREQUENCY 

HIGH-AMPLITUDE AUDIO 

Q3. What is the difference between AM and FM? 
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Your Answer Should Be: 

A3. In AM (amplitude modulation) the amplitude of 
the carrier is varied in accordance with the ampli-
tude of the modulating signal. In FM (frequency 
modulation) the frequency of the carrier is varied 
in accordance with the frequency and amplitude of 
the modulating signal. 

In the examples illustrated by the two diagrams at the 
bottom of the preceding page, the frequency of the carrier 
is decreased by the positive portion of the audio signal and 
increased by the negative portion. The higher the amplitude 
of the modulating signal, the greater the shift in carrier 
frequency will be. However, the average carrier frequency 
during a complete cycle of modulation is equal to the normal 
frequency of the carrier because the shifts of carrier fre-
quency balance each other. 
Some RF signal generators generate a frequency-modu-

lated signal. Other generators are designed with provisions 
for both amplitude and frequency modulation. 

Output Circuit 

Since the amplitude of the signal developed by most oscil-
lators is relatively low, many signal generators include at 
least one stage of amplification. The mixing of generator 
and modulation oscillations usually takes place in this stage. 

GENERATOR 
OSCILLATOR 

GAIN 

ree" 

OUTPUT 
CIRCUIT 

MODULATION 
OSCILLATOR 

VOV 

A gain control is normally provided to vary the amplitude 
of the output signal. To permit impedance matching of the 

188 



signal generator with the circuit to which the test signal is 
fed, a cathode follower or similar impedance-matching stage 
is often employed. An attenuating network may be included 
to provide signals at a precise level of amplitude. 

AUDIO-FREQUENCY SIGNAL GENERATOR 

As previously indicated, an AF signal generator covers the 
audible frequency range. Most AF generators include a gen-
erator oscillator and an amplifier stage. 

Requirements for Oscillation 

A circuit must fulfill three requirements before it will 
oscillate. It must have a means of amplification, a method of 
feedback, and some manner of frequency control. 

FEEDBACK 

FREQUENCY 
C,ONTROL AMPLIFICATION 

Amplification—An amplifier with plate current flowing will 
normally amplify any spurious signals appearing at the grid. 
A spurious signal is any unwanted signal generated either in 
the equipment itself or externally. 

AMPLIFICATION AND NEGATIVE FEEDBACK 

FEEDBACK 

Wag 

SPURIOUS 
SIGNAL 

AMPLIFIED 
SIGNAL 

B+ 

Q4. What is the purpose of a gain control? 

Q5. What are the circuit requirements for oscillation? 

189 



- 

Your Answers Should Be: 

A4. The gain control varies the amplitude of the output 
signal. 

A5. An oscillating circuit must possess means of ampli-
fication, feedback, and frequency control. 

The signal appearing at the plate will be of the same shape 
as the grid signal, but it will be larger in amplitude and 
reversed in phase by 180'. If a negative-going signal from 
the plate were fed back to the grid in addition to a positive-
going input signal, the two signals would cancel. This process 
is called negative feedback. The signal returned from the 

POSITIVE 

FEEDBACK 

\ 1 AMPLIF ! CATION 

\ I 
plate must go through another 180' of phase reversal before 
it will be in phase with the grid signal and in a position to 
aid amplification. This aiding feedback is called positive 
feedback. 

Positive Feedback—Although there are several ways of 
accomplishing a second phase reversal of 180°, the basic 
principle is shown below. 

AMPLIFICATION AND 

POSITIVE FEEDBACK 

If the coils of the transformer between the plate and the 
grid are wound so that they cause a 180° phase inversion 
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between primary and secondary, the resultant signal will be 
in phase with the signal on the grid. The amplitude of the 
signal will depend on the amount of voltage across L1 and 
the resistive losses in the circuit. RI and CI produce the 
grid-leak bias for the tube. 
The remaining voltage is added to the grid-to-cathode posi-

tive potential, causing an increase in plate current. The sig-
nal returning to the grid on the next cycle will be increased 
proportionately. Waveforms in each succeeding cycle will be 
increased in amplitude in a similar manner. The signal 
amplitude will increase to a level established by the satura-
tion point of the tube. 
You have seen how positive feedback aids in the build-up 

of a signal. However, something more must be added to the 
circuit before it will generate a steady signal of known 
frequency. 
Frequency Control—Positive feedback will provide for a 

steady state of amplification and produce a constant-ampli-
tude signal at the plate, but it cannot achieve a constant 
frequency. The circuit shown on the opposite page will 
amplify any spurious signal that appears at the grid. The 
frequency of oscillation will be random. The third require-
ment of an oscillator, frequency control, now becomes 
apparent. 

First, how can frequency be regulated? How can one fre-
quency of a group be selected for amplification in preference 
to the rest? The answer is the resonant circuit. 

ReleMitv/d/t/v/7 
ezedwir 

Q6. If a charge were placed on CI (shown in the above 
figure), in which direction would the capacitor dis-
charge through the circuit, clockwise or counter-
clockwise? 

Q7. Would current flow be maximum or minimum at the 
instant discharge begins? 

Q8. What effect would L1 have on the discharge current? 
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Your Answers Should Be: 

A6. Discharge current would flow counterclockwise 
through the circuit, from the negative plate, 
through the coil, and back to the positive plate. 

A7. At the instant discharge begins, current flow would 
be maximum. 

A8. As the initial current surge flowed through L,, it 
would produce an expanding magnetic field that 
would cause current in opposition to the surge. 
As the discharge current decayed, the field would 
collapse and cause a current in opposition to the 
decay of current. In effect, L1 becomes a current 
generator to the degree that it sustains the flow 
of current in one direction. 

CAPACITOR DISCHARGES 
IN COUNTERCLOCKWISE 

DIRECTION 

C' 

1IIIMIIIMIIII 

+ 

DISCHARGE I 

+ 

L1 

When the source is removed from C1, the capacitor will 
begin to discharge. Current will flow through L1 in the direc-
tion indicated and develop a magnetic field around the turns 
of Li. When the charges on the plates of C1 have equalized, 
current would normally stop flowing. However, the magnetic 
field around L1 continues to collapse (initial collapse occurred 
as discharge current decayed), sustaining the current flow. 

COLLAPSING FIELD SUSTAINS 
CURRENT FLOW IN COUNTER-

CLOCKWISE DIRECTION 

=.1 

i  1 COIL I t 

L, now becomes a voltage source, taking on the polarity 
shown in the figure above. Collapsing magnetic lines cut the 
coil turns, producing a current that builds an excess of elec-
trons on the upper plate of C1. C1 is now charged in the 
opposite direction. 
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After the initial surge of current as C1 discharges in the 
opposite direction, a magnetic field is developed to its maxi-

CAPACITOR DI SCHARGES 
THROUGH COIL IN 

OPPOS ITE DIRECTION DISCHARGE I 

L 1 

mum level across LI. As discharge current begins to de-
crease, the field starts to collapse, developing a coil current 
in the same direction as the capacitor current. 
When the capacitor has discharged, continuing collapse of 

the magnetic field will maintain current flow and charge the 
opposite plate of the capacitor. Charge and discharge of C, 
will continue for several cycles. 
The decreasing amplitude of current is often compared to 

two mechanical analogies. If you plotted the voltage across 
the capacitor in the previous example, you would obtain a 
graph resembling the one below. 

DAMPING EFFECT 

FLYWHEEL 
ANALOGY 

TIME PENDULUM 
ANALOGY 

The LC circuit, the flywheel, and the pendulum have one 
quality in common—damping effect. Damping is the reduc-
tion of energy in a mechanical or electrical system as a 
result, in these cases, of absorption. The flywheel and the 
pendulum lose energy through absorption which is caused 
by the friction of the bearings and the surrounding air. The 
LC circuit (containing an unseen R) gives up part of its 
energy in the form of heat as the current passes through 
the resistive parts of the circuit. 

Q9. What characteristic of the circuit prevents the 
cycling of current from continuing forever? 
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Your Answer Should Be: 

A9. The resistance of the coil wire and circuit con-
ductors dissipates some of the energy in the form 
of heat each time current cycles through the cir-
cuit. Because of these losses, current flow will even-
tually decrease to zero. If there were no resistance 
in the circuit, the cycling would continue forever. 

There is another analogy that explains the cycling action 
of the LC circuit. The momentum of the flywheel causes it 
to coast through several cycles of revolution. The momen-
tum or potential energy built up by the pendulum as it com-
pletes each alternation of swing enables it to return through 
the next alternation to the other end of its swing. The cor-
responding effect in the LC circuit, of course, is the potential 
energy of the magnetic field developed by capacitor discharge 
current in passing through the coil. The collapsing field 
causes current flow to build up a charge on the capacitor in 
the opposite direction. 

Self-Excited Oscillator 

If an LC circuit were added as a frequency-control device 
to the other requirements of oscillation (feedback and ampli-
fication), the circuit should oscillate. 
By adding a capacitor (Co) across Lo, an oscillating circuit 

is developed that will be resonant at some specific frequency. 

SELF-EXCITED OSCILLATOR 

Li 
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Lo and Co form the resonant circuit. A signal in the plate 
circuit will be induced by LI, called a tickler coil, into Lo. 
The voltage across L2 will be in phase with the signal already 
on the grid. The grid voltage will be increased when it coin-
cides with the instant of maximum voltage, plus-to-minus, 
top-to-bottom, across the resonant circuit. This will occur at 
a regular frequency determined by the values of Lo and C2; 
their size determines the charge and discharge time of the 
capacitor. As you recall, the resonant frequency of an LC 
circuit can be computed by: 

resonant frequency 1 
2/LC 

If Lo were 1 mh and C1 were 10 microfarads (both fairly 
large components), the resonant frequency of LC would be 
1,592 cycles per second. 
An LC circuit is often referred to as a tank circuit. The 

complete circuit, because of its tickler-coil feature, is called 
a self-excited oscillator. 
The damping effect of the tank circuit is overcome by the 

induced voltage applied by the tickler coil in phase with the 
signal on the grid. The principle is much the same as apply-
ing a nudge to a pendulum sufficient to cause it to swing 
through the same distance of arc in each oscillation. 

PREVENTION OF SIGNAL DAMPING 

VOLTAGE 

IS 
SIMILAR 
TO 

TI CKLER 
COIL 

ANT IDAMP I NG 
NUDGE 

/// 

Q10. If either L and C, or both, are increased in value, 
what happens to the resonant frequency? 

Q11. What is the resonant frequency of a tank circuit 
that has a capacitance of 25 micromicrofarads and 
an inductance of 9 mh? 
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A10. If L or C or both are increased in value, the reso-
nant frequency of the oscillator will be decreased. 

All. The resonant frequency is 335 kc. 

A constant frequency of tank-circuit oscillation is practi-
cal for only a few purposes. It can be used, for example, as 
a code practice oscillator for learning International Morse 
code or for testing circuits where a single frequency is ade-
quate. To make the self-excited oscillator more versatile, 
either L or C must be capable of being changed. In most 
applications, C is a variable capacitor. 

Phase-Shift Oscillator 

Another circuit that is often used as an oscillating stage 
in an AF signal generator is a phase-shift oscillator. 

PHASE-SHIFT OSCILLATOR 

FEED BACK 

OUTPUT 

î 
FREQUENCY CONTROL -,-• AMPLI F I CAT ION 

Notice that the frequency-control portion of the circuit 
does not contain a tank circuit. Instead, the frequency con-
trol uses three capacitors and three resistors. The RC com-
binations will not oscillate. They will, however, shift the 
phase of the feed-back signal an amount dependent on the 
ratio of R to C. If the values of each RC combination are 
selected to shift the signal 60, the total shift of the re-
turned signal at the grid will be 180°. This meets the basic 
requirement of frequency control, returning the signal in 
phase with the grid signal. The signal on the plate has 
already been shifted 180°. 
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Current through a capacitor will lead an AC voltage ap-
plied across the capacitor. If it is a pure capacitance with 
no resistance involved, the angle of lead will be 90°. Ob-
viously, two capacitors (with no resistance) in series with 
the grid circuit behave as one capacitor and will not achieve 
the required 180° phase shift. Resistance is required to 
develop the desired voltage between the grid and cathode. 
Although any number of RC combinations can be selected 

to accomplish the desired phase shift, a set of three is the 
best compromise. A 60 phase shift in one set can be ex-
plained by the following diagram. 

Y 
ER 

ET 

The values of C and R are selected so that the current in 
the circuit leads the applied voltage (ET) by an angle of 60°. 
The voltage (ER) across the resistor also leads the applied 
voltage by 60°; Ell is the output voltage of the RC combina-
tion. Three RC combinations produce a phase shift of 180°. 
For a given value of C, there is only one frequency at 

which the phase shift of the RC combination is exactly 60°. 
The three capacitors in a typical phase-shift oscillator, as 
shown below, can be simultaneously varied to achieve a wide 
range of audio frequencies. 

Q12. What characteristics of It and C, as shown in the 
above schematic, establish the value of frequency? 
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Al2. The size of R or C determines the frequency as 
well as the amount of time required for the capaci-
tor to charge or discharge through the resistance. 
The longer the charge time, the lower the fre-
quency will be. 

Other Types of Oscillators 

There are other types of oscillators used in an AF fre-
quency generator. Another popular type, operating on prin-
ciples similar to the RC applications in the phase-shift oscil-
lator, is the Wien-bridge oscillator. A few signal generators, 
requiring only a single frequency output, use the accurate 
oscillating frequency of a tuning fork. 

Typical AF Signal Generator 

The block diagram below represents a typical AF signal 
generator. There are many other variations. 

1 

OUTPUT CIRCUITRY 

Usually the output circuitry contains an amplifier with a 
network or attachment that permits matching the imped-
ance of the external circuit to that of the generator. If the 
impedance mismatch is severe, the generator may be loaded 
down enough to change the oscillator frequency. 
Some AF signal generators have an output meter to indi-

cate the amplitude of the generated signal. This feature is 
necessary when a signal of a specified amplitude is required 
for testing purposes—measuring the gain of a stage, for 
example. Attenuating networks composed of series and par-
allel resistances are used to supply signals at specified ampli-
tudes. Some generators incorporate the features of both an 
output meter and attenuating networks. 
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USING AN AF SIGNAL GENERATOR 

An audio-frequency signal generator (sometimes called an 
audio oscillator) has several useful test purposes. Within 
the range of its frequency coverage (generally 20 cps to 20 
kc) it can be used as a signal source to check equipment or 
circuits designed to pass an audio signal. 

—196, • Q Q 6 
AUDIO 

AMPLIFIER 

Li 

AUDIO SIGNAL GENERATOR 

Frequency Response and Fidelity 

An audio amplifier used with a record player, hi-fi sys-
tem, or stereo system must have a good frequency response 
through the audible frequency range. Most people have an 
audible range between 15 and 15,000 cycles per second. Audio 
equipment with a flat frequency response between these 
limits is considered to be a faithful reproducer of sound. The 
word fidelity is often used with reference to sound equip-
ment. Good fidelity and flat frequency response both refer 
to the accuracy with which an input signal is reproduced at 
the output of a circuit or piece of equipment. 

Q13. What are the main circuits in an audio-frequency 
signal generator? 

Q14. Why must you be careful when matching the out-
put impedance of a signal generator with that of 
the circuit being tested? 

Q15. Why would an output meter be required in an AF 
signal generator? 

Q16. What is the normal frequency range of an AF 
signal generator? 

Q17. What is meant by fidelity and flat frequency 
response? 

SCOPE 
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A13. Oscillator, amplifier, attenua tor, and output meter. 

A14. If they were badly mismatched in impedance, the 
signal generator would load down and could cause 
the oscillator to change frequency. 

A15. The output meter is required to determine when a 
signal is of the required amplitude for a specific 
purpose. 

A16. 20 to 20,000 cps. 

A17. They are both a measure of the accuracy with 
which the input characteristics of a signal are 
reproduced at the output of a circuit. 

Plotting Frequency Response in the Audio Range 

Evaluation of fidelity or plotting a frequency-response 
curve is accomplished by the equipment setup shown on the 
preceding page. If an oscilloscope is being used as the 
output indicator, it should have a graticule and be cali-
brated to measure AC voltage accurately. 
Allow 15 minutes for the signal generator and amplifier 

to warm up. After each new frequency setting, plot the 
voltage reading on a graph as shown below. Generator set-
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tings for readings in the rising and falling portions of the 
curve should be made in multiples of 500 cps. Intervals of 
2,000 cps are satisfactory along the top part of the curve. 
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A frequency response curve is a line drawn through the 
dots plotted on the graph. It will reveal the fidelity of the 
amplifier for which it has been made. Do not adjust the gain 
of any equipment (generator, amplifier, or scope) during the 
test. If you do, output readings will be in error. 

Determining Response at High Frequencies 

A square wave has numerous odd harmonics. Depending 
on the steepness of the slope and flatness of the peak, the 
square wave can contain harmonics with frequencies 10 to 
100 times the frequency of the fundamental sine wave. Be-
cause of this quality, the square wave can be used to reveal 
frequency response when it is applied to the input of a cir-
cuit and its output is observed on a scope. Typical response 
indications are shown below. 

NO DISTORTION LOSS OF LOW - VERY POOR LOW - 
FREQUENCY RESPONSE FREQUENCY RESPONSE 

LOSS OF HIGH - VERY POOR HIGH - DISTORTION-CIRCUIT 
FREQUENCY RESPONSE FREQUENCY RESPONSE TRYING TO OSCILLATE 

Although commercial square-wave generators are avail-
able, there is a more economical way to develop a square 
wave for testing purposes. The sine wave from an AF sig-
nal generator is fed into an amplifier operated in the class-
A portion of the characteristic curve. Amplifier gain is 
increased until the tube is driven into saturation on the 
positive cycles and cut-off on the negative. In effect, this 
operation flattens out the positive and negative peaks of the 
sine wave. The output is a reasonable and suitable copy of 
a square wave. 

Q18. Why should you not adjust the settings (other 
than frequency) of equipment during a frequency-
response check? 
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A18. If gain or similar adjustments are made to equip-
ment during a frequency-response check, false 
amplitude readings will be obtained. 

RADIO-FREQUENCY SIGNAL GENERATOR 

The RF signal generator is identical in principle to the 
AF generator except that the RF signal generator can de-
velop frequencies up to several hundred megacycles. 

Typical RF Signal Generator 

The diagram below shows a simplified block diagram of a 
typical RF signal generator. 

aAkMAAAMAAIAUAH 000114 

MODULATED RF 

S 

00111Sehli 

oUNMODULATED RF 

AUDIO 
OUTPUT 

I 
Notice that the RF and audio oscillators are connected to 

a mixer stage when SI is in the MODULATED RF position. 
The mixer circuit superimposes the audio on the RF carrier 
and feeds the modulated wave to the output through the 
amplifier, attenuator, and meter. When SI is in the UNMOD-
ULATED RF position, a pure carrier frequency appears at 
the RF OUTPUT and an audio signal is fed to the AUDIO. 
RF Oscillator—There are several types of oscillator cir-

circuits that can be used as RF generators. A widely used 
circuit for this purpose is the Hartley oscillator. 
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Li, L., and C, form the tank circuit. The plate signal is 
fed through the DC blocking capacitor (CI) to the bottom 
of L2. L2 induces a voltage in L, that is 180° out of phase 
with the plate signal ( in phase with the grid signal). The 

HARTLEY OSCILLATOR 

Li 

L2 

B+ 

frequency of the tank is adjusted by Co. The RFC (radio-
frequency choke) in the B+ line prevents AC on the plate 
from entering the B+ source. Ri and C3 establish grid bias. 
Audio Oscillator—The major purpose of the audio oscilla-

tor is to modulate the carrier at an audible rate. 
Buffer and Mixing Stage—In the circuit shown below, the 

two signals are applied across a resistance network which 
feeds the resultant voltage to the grid of the next stage. 

A METHOD OF MIXING SIGNALS 
Cl 

GRID 

AUDIO 
OSCILLATOR 

11',AODULN 

OUTPUT 

Q19. What is the major difference between an AF and 
an RF signal generator? 

Q20. What are the main circuits in the RF signal gen-
erator? 

Q21. What is the purpose of the mixing stage? 
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A19. An AF signal generator can usually produce fre-
quencies up to 20,000 cps, while some RF signal 
generators can develop frequencies up to several 
hundred megacycles. 

A20. The RF oscillator, mixer, AF oscillator, amplifier, 
and attenuator. An output meter is often included, 
but it is not a necessity. 

A21. The mixer stage joins the carrier and audio fre-
quencies to produce a modulated carrier. 

The buffer places a stage of amplification between the RF 
oscillator and the output, thereby isolating the oscillator 
from the loading effects of an external circuit. The buffer 
also separates the RF oscillator from the modulating volt-
ages of the audio oscillator. The carrier output from the 
buffer is across R, (marked GAIN on the front panel), a 
variable resistance. The control may have other names, but 
its purpose is to regulate the amplitude of the carrier. Volt-
age is taken off R4 and distributed across RI and R. and 
fed to the grid of the amplifier. 
The output of the audio oscillator appears across R3, which 

is adjusted to select the desired percentage of modulation. 
This voltage is applied to the junction of RI and R.. Volt-
age, changing at an audio rate across R., is subtracted from 
or added to the carrier amplitude at the grid of the amplifier. 
Attenuator—Attenuators are resistive networks that per-

mit selection of resonably precise voltages as outputs. The 
meter reading is usually multiplied by the indicated number 
to obtain the output amplitude of the waveform. 

OUTPUT 
X100 

• 
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USING AN RF SIGNAL GENERATOR 

The most significant application of an RF signal generator 
is its use in tuning, aligning, and troubleshooting radio 
receivers and other equipment. 

Superheterodyne Receiver 

A superhet (common name for superheterodyne) receiver 
is manufactured in two general varieties. One has a trans-
former power supply and the other does not. The latter is 
often referred to as an AC-DC set. A block diagram for a 
typical superhet is shown below. 

ANTENNA 

RF AMPLIFIER 

MIXER 
OR 

CONVERTER 

OSCILLATOR 

DETECTOR 

IF AMPLIFIEF 

AUDIO 
AMPLIFIER 

POWER 

SUPPLY 

SPEAKE L R 

TO 
ALL STAGES 

The purpose of the radio receiver is to amplify the weak 
signal of a selected RF carrier and its audio modulation, 
remove the audio component from the carrier, and then 
amplify the audio so that it can be heard clearly on a 
speaker. 
Antenna—The antenna is usually a loop or flat coil of wire 

attached to the back of the cabinet; it can be several turns 
of wire wrapped around an insulated rod. The antenna picks 
up carrier signals from transmitters within range of the 
receiver and feeds a selected signal to the first stage. 

Q22. What is the purpose of the gain control on the RF 
signal generator? 

Q23. What is the RF signal generator used most fre-
quently for? 
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A22. The gain control regulates the amplitude of the 
carrier signal. 

A23. Tuning, aligning, and troubleshooting equipment 
are the main uses for the RF signal generator. 

RF Amplifier—In some sets, the antenna, in addition to 
picking up the signal, serves as a coil to form a resonant 
circuit with a capacitor. In other sets, a separate coil is used 

for this purpose. By varying the capacitor, LI and C, can be 
made resonant to a specific carrier frequency among the 
many appearing at the antenna. The selected frequency 
develops its voltage across the tank. The voltage is fed to 
the grid of the RF amplifier. The amplified signal (carrier 
plus audio modulation) is applied across L., the primary of 
a transformer connecting the amplifier to the next stage. In 
some receivers that do not have an RF amplifier, the antenna 
coil is fed to the mixer stage. 
Oscillator—This stage is designed in accordance with the 

basic principles of any oscillator—a stage of amplification, a 
means of signal feedback, and a method of frequency con-
trol. In this case, frequency is controlled by a tuned resonant 
circuit similar to the type used in the RF amplifier. 
Mixer—Carrier and local-oscillator frequencies are hetero-

dyned together in the mixer. Heterodyning is the mixing 
together of two signals to produce two additional frequen-
cies which are the sum and difference of the originals. The 
purpose is to develop an intermediate frequency—the dif-
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ference between the RF-carrier and the local-oscillator fre-
quencies. If the intermediate frequency (IF) is the same 
for all broadcast frequencies, the IF amplifier and its fre-
quency-selecting networks need only be capable of passing 
and amplifying one frequency. 

This is the task accomplished by the mixer. It beats (an-
other word for heterodyning) the oscillator and RF frequen-
cies together and passes a total of four frequencies to the 
plate—carrier frequency, local-oscillator frequency, a sum 
frequency (carrier plus oscillator), and a difference fre-
quency (oscillator minus carrier). In most sets, the value 
of the difference frequency is 455 or 456 kc. It is obtained 
by tuning the oscillator tank circuit to a value always 455 
or 456 kc above any setting of the carrier-selecting circuits. 

0-vweio 
CARRIER 

RF 
AMPLIFIER 

AMPLIFIED CARRIER 

// 
// C3 
/ 
/ 
/ OSC. FREQ. / 
/ / 455 KC 
L  / _ ABOVE CARRIER 

455KC 

3 

IF 
TRANSFORMER 

As can be seen from the diagram above, CI, Co, and C3 
are ganged together to a single tuning control. C, (RF 
amplifier) and Co (mixer) are tuned to the desired carrier 
frequency, rejecting all other carriers. C3 (local oscillator) 
is tuned to exactly 455 kc (the IF that will be used in the 
rest of this chapter) above the carrier; this is true no mat-
ter which station is selected. Of the four frequencies that 
appear at the plate of the mixer, only the difference fre-
quency (455 kc) will be selected by the IF transformer. 

Q24. What is heterodyning? 
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A24. Heterodyning is the process of mixing two fre-
quencies together to produce two other frequen-
cies equal to the sum and difference of the first 
two frequencies. 

Converter—The distinction between a mixer and a con-
verter depends on whether or not the local oscillator employs 
a separate tube. If it does not, as is the case in most AC-DC 
superhets, the mixing tube acts both as a mixer for the radio 
and as a means of amplification for the oscillator tank circuit. 

I OSCILLATOR 

8+ 

IF Amplifier—The IF stage consists of two tunable trans-
formers separated by an amplifier. More sensitive receivers 
may have two amplifiers and three transformers. Each of 
the coils in the transformers has a metallic core that can be 
adjusted to give the value of inductance necessary to make 
the respective tank circuits resonant at 455 kc. By this 
method, only the difference frequency from the mixer or 

.4» 

8+ 8+ 

converter will be allowed to enter the IF strip. IF strip is 
a common term that includes the IF-amplifier tubes and 
transformers. 

455 
KC 
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Detector—The two small plates and the cathode of the 
tube act as a diode that passes only the positive parts of the 
IF signal. The time constant of Ft., and C9 is long enough 
that the voltage across It" follows thé envelope of the car-
rier rather than the individual half cycles. Thus the audio 
signal is removed from the IF carrier. 

B+ 

L) ET galOn 

ç'il!VP04 ïffmrternvii 

Cg 
L9 C9 

R2 

R3 

Audio Amplifier—This stage further amplifies the audio 
signal and feeds it to the primary of the speaker trans-
former. The speaker is energized, and the audio originating 

at the broadcast studio is reproduced. 
Automatic Volume Control (AVC)--AVC is a feedback 

circuit that takes the average value of the rectified voltage 
(audio component) from the detector and feeds this average 
voltage back to the grids of the preceding tubes. This feed-
back voltage tends to change the bias on the tubes. The gain 
is therefore changed to compensate for changes in received 

signal voltage. 

AC-DC 

SUPERHET 
VOLUME 
CONTROL 

Q25. Among the many carrier frequencies that appear 
on the antenna, how does a superhet select a single 

frequency? 
Q26. What is the difference between a mixer and a con-

verter stage in a superhet receiver? 
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A25. C1 and L. of the RF transformer (T1) and Co and 
L4 of the mixer transformer (To) are resonant cir-
cuits that can be tuned to a specific frequency, 
selecting the one desired carrier. 

A26. A mixer heterodynes, or beats, the carrier and 
local-oscillator frequencies together to obtain two 
other frequencies, called sum-and-difference fre-
quencies. The converter stage performs the func-
tions of the mixer and oscillator in one tube stage. 

Superhet Alignment 

Although you may have enough background knowledge to 
undertake the task of receiver alignment, a word of caution 
is necessary. Make certain that you understand how your 
signal generator operates and how it is to be adjusted for 
use. Also, be sure you know how the receiver you are going 
to align works. 
Why Should a Receiver Be Aligned?—The operating char-

acteristics of tubes and other parts change with age. Peri-
odic heating and cooling of parts is largely responsible for 
these changes. The change may not be great enough to make 
the set fail to operate, but it may be enough to throw the 
set out of alignment. In fact, most home receivers require 
at least a slight realignment. Improper alignment results in 
a lower receiver output, poor separation of stations, and a 
decrease in tone quality. 
You should work from the schematic diagram of a receiver 

to obtain the information needed for alignment. Unfortu-
nately, these diagrams are not always provided with 
commercial equipment. However, printed service informa-
tion is available at most local electronic parts supply houses. 
The service data usually contains a clearly drawn schematic 
for the equipment specified, showing the values of all parts 
and the voltages that should be read at significant test 
points. A parts list, the location of alignment test points, 
and photographs showing the location of all parts are usually 
included. 
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Items Required for Realignment—The bare minimum of 
tools is shown in the illustration below. 

9 9 
9 eeoe€0 

SOURCE OF SIGNAL 
( RF SIGNAL GENERATOR) 

SET TO BE ALIGNED 

OUTPUT INDICATOR 
(SCOPE) 

INSULATED ALIGNMENT 
SCREWDRIVER 

There are six items shown above, and each is important. 
A few other common hand tools are also needed to remove 
the receiver from the cabinet. An insulated screwdriver is 
used to prevent shorting or detuning of circuits while they 
are being adjusted. 

Q26. What is the value of the following tools when re-
aligning a receiver? 

(a) RF signal generator. 

(b) Output indicator. 

(c) Operating manual for your signal generator. 

(d) Service folder for the receiver. 

(e) Common-sense application of technical knowl-
edge. 
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A27. (a) Provides a carrier frequency under controlled 
conditions. 

(b) Permits observation of the results of adjust-
ments made to produce best performance. 

(c) Provides the proper operating procedures. 

(d) Provides a schematic diagram and other in-
formation necessary for alignment. 

(e) Without a common-sense application of your 
technical knowledge, many unnecessary mis-
takes will be made. 

Calibrating the Generator 

Although most generators are designed to give good accu-
racy, it is always best to calibrate the output of the gener-
ator with a broadcast station. After the signal generator 

CALIBRATING 

THE SIGNAL 

GENERATOR 

has been on for about 15 minutes and the receiver has been 

tuned to a strong local station, hold the signal generator test 
clip or probe near the antenna terminal of the receiver. 
Adjust the signal generator dial approximately to the sta-
tion frequency. If a tone or a squeal cannot be heard, con-
nect the probe to the antenna terminal through a small-value 
capacitor. A noise should be heard on either side of zero 
beat (a point of silence). When the generator dial is at zero 
beat, the generator frequency is the same as the station 
frequency. Without retuning the generator, adjust the gen-
erator dial to read this frequency. (Consult the generator 
instruction manual.) 
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Alignment Steps 

Receiver alignment consists of two steps. The IF circuits 
are first tuned to 455 kc, or whatever IF the manufacturer 
specifies. Then the RF, mixer, and oscillator circuits are 
tuned, in that order, for maximum signal. Connect the gen-
erator as shown below. 

CONNECTIONS 
FOR TUNING 
IF STRIP 

GRID CONNECTION 

OUTPUT-S:GNAL 
WIRE 

4,-- CAPACITOR 

GROUND CONNECTION 

There is a choice of output indicators available. Which-
ever you choose, adjustments are made for maximum output 
indication and not for a precise numerical reading. 

OUTPUT INDICATORS 

1 SPEAKER VOICE COIL 
TERMINALS. 

.OUTPUT 
cp METER 

LEVEL OF SOUND OUTPUT VTVM OR OTHER AC 
IS MEASURING VEHICLE. MEASURING INSTRUMENT. 
NOT AS SENSITIVE AS ATTACH PROBES TO SPEAKER 

OTHERS. VOICE-COIL TERM:NALS. 

FAI R BETTER 

 e 
,e e to to 

ATTACH LEAD TO 
SPEAKER VOICE-COIL 

TERMINALS. 

BEST 

Set the signal generator frequency to the IF of the re-
ceiver, and modulate the carrier with an audio signal. Set 
the receiver volume control to maximum gain. Ground the 
AVC to the chassis for best output performance. Ground 
the grid of the local-oscillator tube, if the set has one, to 
prevent undesired signals from entering the IF strip. 

Q28. What steps are required to align a receiver? 
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A28. First, the IF circuits must be tuned to the specified 
IF (normally, 455 kc). Then, the RF, mixer, and 
oscillator circuits are tuned for maximum signal. 

Tuning is accomplished by adjusting each of the two 
screws inside the top of the IF can. Be sure to use an 
insulated screwdriver for this operation. 

--
ADJUSTING 
SCREWS 

\ INSIDE CAN 

IF CAN 
(TRANSFORMER) 

Carefully adjust the screws for maximum reading on the 
output indicator. Start with the coil nearest the detector 
and adjust each, in turn, working toward the mixer. 

IF TUNING SEQUENCE 

B+ B+ 

4TH 3RD 2ND 1ST 

During this and all fo lowing alignment steps, keep the 
gain of the signal generator no higher than necessary to 
give an indication on the output indicator used. If the gain 
is too high, receiver stages will overload or saturate, and 
output readings will be invalid. Readjust all coils until you 
are sure they have been peaked to maximum. 
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After the IF coils have been peaked for a maximum out-
put indication, the mixer and oscillator tuning circuits also 
must be adjusted to give a maximum-signal indication. 
Front end is a term applied to these tuning stages. There 
are some sets that have an RF amplifier; the tuning circuit 
of the RF amplifier must be adjusted in a similar manner. 
To tune the front end, attach the generator high lead with 

its capacitor to the antenna terminal. Unground the oscil-
lator grid if it was grounded. Tuning procedures involve 
adjusting the small trimmer capacitors attached to the main 
tuning capacitor and a padder capacitor in the oscillator tank 
circuit. 

TUNING CAPACITOR 

CARRIER TANK MAIN TUNING 
CAPACITOR 

OSC. 

PAD DER 

OSCILLATOR TANK 

CARRIER 

OSCILLATOR TRIMMER 
TRIMMER 

To arrive at the best tuning, the trimmers and padder are 
adjusted for a maximum reading on the output indicator. As 
shown in the diagram above, the trimmers are in parallel 
across the respective sections of the main tuning capacitor. 
The padder is in series with the coil and main capacitor sec-
tion of the oscillator tank. 

Q29. At what end of the receiver should the first IF 
adjustment be made? 

Q30. During the tuning of IF coils, at what frequency 
and amplitude should the signal generator be set? 

Q31. At what point in the receiver should the generator 
leads be connected while adjusting the IF coils? 
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A29. The IF coil to be adjusted first is the one nearest 
the detector stage. 

A30. The signal generator should be set at the IF of the 
receiver, modulated with an audio tone, and set at 
the lowest amplitude that gives an output-indica-
tor reading. 

A31. The high-side generator lead should be connected 
to the mixer grid and the other lead should be con-
nected to the chassis of the receiver. 

Not only must the carrier and oscillator tank circuits be 
tuned for maximum performance, but their resonant fre-
quencies must differ by 455 kc. 

First, set the signal generator to 1,500 kc, leaving the 
audio modulation on. Rotate the main tuning capacitor of 
the receiver to the position of maximum output at the high 
end of the dial. Adjust both trimmers for highest output. 

FRONT-END TUNING 

1ST PEAK TRIMMERS 
AT 1, 500 KC 

2ND-- ROCK- IN PADDER 
AT 600 KC 

3RD-- CORRECT DIAL 
READING 

4TH - READJUS1 

TRIMMERS 

PADDER 

Now, set the generator and receiver dials to 600 kc. Rock-
in the padder tuning by making the same adjustment at 
several settings on either side of the 600-kc dial reading. 
The setting at which the highest output reading is noted is 
the true 600-kc position. Adjust the receiver dial pointer 
to indicate 600 kc. Recheck the trimmers for maximum out-
put again, first at 1,500 kc and then at 600 kc. If no change 
is evident, tuning is completed. 
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TROUBLESHOOTING A RADIO RECEIVER 

A signal generator is frequently used for troubleshooting 
a receiver. The signal generator can supply the proper sig-
nal through all of the stages except two, the power supply 
and local oscillator. The local oscillator generates its own 
frequency, and little test value is gained by passing another 
signal through it. 
Two different methods are used to isolate the trouble in 

a receiver by means of a signal generator. One is called sig-
nal substitution, and the other signal tracing. 

Signal Substitution 

In signal substitution, the output of an RF signal gener-
ator is applied to each stage in sequence. The faulty stage 
lies between the points at which the generator did and then 
did not pass a signal through the receiver. 

ANTENNA 
TERMI NAL 

MODULATED 
RF 

MODULATED 
IF 

The principle of signal substitution is simply to start at 
the output end of the receiver and work toward the front 
end, applying the appropriate signal at each stage. Use a 
capacitor in series with the test lead to keep DC out of the 
generator. The first check is made at the plate of the audio 
amplifier with an audio signal (only) from the generator. If 
a sound is heard in the speaker, the speaker and the circuitry 
between the speaker and audio amplifier plate are not the 
cause of the trouble. If there is no output from the speaker, 
the trouble is in this area. The trouble could be in the 
speaker, the output transformer, or in the several connec-
tions between the speaker and amplifier. 

Q32. What two signal-generator methods are used to 
isolate trouble in a radio-receiver circuit? 
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Your Answer Should Be: 

A32. The two methods used to isolate a bad circuit are 
signal substitution and signal tracing. 

If the first check is good, apply the audio signal to the 
control grid of each audio stage. Audio from the speaker 
indicates that these stages are probably good. 
Set the generator for a modulated IF, and connect its out-

put to the plates of the detector, the plate and grid of the 
IF amplifiers, and the plate of the mixer. Apply modulated 
RF to the grid of the mixer and the antenna terminal. Some-
where in the sequence, no signal will reach the speaker. The 
trouble is between that point and the last good check point. 

Signal Tracing 

Signal tracing is almost the inverse of signal substitution. 
The signal generator is set up to provide a modulated RF 
signal within the range of the receiver; the test lead is con-
nected to the antenna terminals. An indicating device— 
oscilloscope or VTVM, for example—is used to trace the sig-
nal from the front end to the output end of the receiver, 
making checks at the input and output of each stage. 

ANTENNA 
TERMINAL 

GR I D 

PLATE GRID 

PLATES 

IF AMP DETECTOR 

SCOPE 

PLATE 

SPEAKER 

TERMINAL 

An oscilloscope is best for signal tracing. You can use a 
VTVM, however, to check for the presence of a signal. You 
must use an RF probe with the meter when testing at points 
where either RF or IF signals are present. 
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The checks are made first at the grid of the mixer, then 
at its plate, and so on down the line from grid to plate to 
grid until no output appears at a check point. The trouble 
is located between this point and the previous point where 
an output was indicated. Use a VTVM or a multimeter in 
that area to find the faulty part. 
The signal-tracing method can also be used for keeping a 

record of receiver sensitivity. At a time when the receiver 
is known to be in a satisfactory condition, connect the gen-
erator to the set, as indicated for signal tracing. Set the 
generator and receiver gain to the minimum level that will 
cause a readable signal to pass through the set. Record the 
amplitude of the signal at each check point, using a VTVM 
or oscilloscope. Also record the setting of the gain control 
and attenuator on the generator. If you wish, you can divide 
the output reading of each stage by its input reading to 
determine gain, the factor for sensitivity. These readings 
can be used at a later date for comparison purposes when a 
decrease in sensitivity is suspected. A loss of gain in a 
stage will indicate actual or impending trouble. 

OSCILLATOR 

MIXER OR 
CONVERTER 

DETECTOR 

IF AMPLIFIER 

AUDIO 
AMPLIFIER 

TO ALL 
û  

POWER 
SUPPLY 

Q33. Which method of receiver troubleshooting using 
a signal generator is better, signal substitution or 
tracing? 

Q34. If you were using a VTVM as the indicating device 
in signal tracing, at what check point in the re-
ceiver diagramed above would you change from an 
RF probe to the normal AC probe? 
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Your Answers Should Be: 

A33. Both methods are equally good. The choice is 
merely a matter of personal preference. 

A34. In the front-to-back signal-tracing method, the 
RF probe should be used last at the plates of the 
detector. 

WHAT YOU HAVE LEARNED 

1. An RF signal generator has much in common with a 
radio transmitter. They both have a means of generat-
ing a frequency, modulating it, and applying the output 
signal to a load. For this reason, a signal generator can 
take the place of a transmitter when you are checking 
the performance of a receiver. 

2. Signal generators can be classified in terms of the fre-
quencies generated by their main oscillators. An AF 
(audio frequency) generator can develop a signal within 
the 20- to 20,000-cps range. An RF (radio frequency) 
generator can have a range starting at about 20 kc and 
reaching as high as several thousand megacycles. No 
single generator, however, can cover the entire range. 
Most RF generators have a means of modulating their 
carrier frequency. 

3. There are several types of modulation. The two most 
used are amplitude modulation (AM) and frequency 
modulation (FM). 

4. There are many types of oscillators. Each type requires 
a means of amplification, a method of feedback, and 
some manner of frequency control. 

5. The frequency at which an oscillator operates is con-
trolled by the inductance and capacitance in the tank 
circuit. If either L or C is increased, the resonant fre-
quency will decrease. Decrease either L or C, and the 
frequency will increase. 

6. Oscillators in a resonant tank are damped (die out) 
because of the resistance (coil and conductors) in the 
circuit. Feedback from the amplifier plate, if properly 
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applied, provides the periodic surge required to keep the 
oscillations going. 

7. An AF signal generator can be used with an oscilloscope 
to plot the frequency-response curve of an amplifier. 

8. When the output of an AF signal generator is fed into 
an overdriven amplifier, the output will be a fairly good 
square wave. Since a square wave is rich in harmonics 
(multiples of the fundamental frequency), the fre-
quency response of an amplifier can be studied by 
observing the type of distortion produced in the square 
wave as it passes through the circuit. 

9. A typical RF generator contains an RF oscillator, an 
audio oscillator, a stage for mixing the two, an ampli-
fier, a means of controlled attenuation, and an output 
meter. Such a generator provides a pure RF signal, an 
audio signal, or a modulated signal. 

10. In a superhet receiver, modulated RF and the oscillator 
frequency are applied to the mixer stage. They are 
heterodyned to produce a sum and a difference fre-
quency. The difference frequency, still containing the 
modulation envelope, is referred to as the IF and is 
amplified in the next stage. The detector extracts the 
audio signal from the IF carrier and feeds it to the 
audio amplifier and then to the speaker. Some superhets 
have an additional stage, called an RF amplifier, ahead 
of the mixer. A converter combines the output from 
the mixer and oscillator stages. 

11. Alignment of a superhet receiver is a relatively simple 
task if the technician understands how his signal gen-
erator and receiver operate. Specific information for the 
generator is contained in the operating manual, and for 
the receiver, in a service folder. 

12. The steps for receiver alignment are: 

(a) Tune the IF transformers. 

(b) Tune the front end. 

13. An RF signal generator can also be used for isolating 
trouble in a receiver to one of its stages. There are two 
methods, signal substitution and signal tracing. 
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7 
Troubleshooting 

Electronic 
Equipment 

The primary task of 
What You any electronic technician 

is to troubleshoot equip-
Will Learn ment. Since most techni-

cians have difficulty in 
acquiring a reliable method, this chapter will explain 
one that is used by most good technicians. Some tech-
nicians call it systematic troubleshooting; others call it 
common-sense troubleshooting. The title that seems to 
embody both names, and the one that will be used in 
this chapter, is logical troubleshooting. There are many 
methods other than the one that will be described; how-
ever, by comparison these methods have been found to 
be ineffective and time consuming. 

THE NEED FOR TROUBLESHOOTING 

As you have already determined, troubleshooting is the 
process of locating the fault that causes a piece of equip-
ment to operate at less than desired or designed performance. 
Any equipment operating at less than the best perform-

ance requires the services of a troubleshooter. A hi-fi set 
that is garbling its highs or lows, even though it has good 
rated frequency response, has an electronic fault that needs 
repair. A home radio that begins to pick up two stations at 
once contains a defect. A TV set that has poor contrast 
between blacks and whites also needs repair. 
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The remedy may be no more than the proper adjustment 
of one or two controls, but the trouble will remain until the 
appropriate adjustment is located and made. 
The need for troubleshooting (locating the cause of faulty 

performance) exists whenever the equipment fails to meet 
the rated performance as set forth by the manufacturer. 

RATED PERFORMANCE 

TROUBLESHOOTING PREREQUISITES 

Good troubleshooting is not a talent with which a person 
is born. It is a skill that can be acquired by anyone with a 
suitable electronics background. You can become a good 
troubleshooter if you have: 

1. Sufficient electronic knowledge to learn how a piece of 
equipment works. 

2. Suitable skill in reading and interpreting data contained 
in the technical manual or service folder. 

3. Suitable skill in operating test equipment and interpret-
ing test readings. 

4. The ability to troubleshoot in a logical manner. 

Electronic Knowledge 

If you have carefully studied the preceding volumes in this 
series (or have an equivalent knowledge) and have been able 
to apply these electronic principles, you can learn how elec-
tronic equipment works. You will encounter many circuits 
and pieces of equipment that are not familiar as you gain 
experience, but gaining an understanding of how they work 
is merely a process of applying what you have already 
learned. 
What is this foundation that can be applied to all elec-

tronic devices? The answer is the set of principles you 
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learned about DC and AC electricity and have been applying 
in this volume. 
The illustration shows that all electronic equipment is 

made up of or based on selected electronic circuits which, in 
turn, operate in accordance with the fundamental principles 
of voltage and current and the characteristics of inductance, 

capacitance, and resistance. If you reduce any electronic 
equipment to the bare essentials, you will find that the equip-
ment operates the way it does because of the circuit arrange-
ment of L, C, and R and their effect on current and voltage. 

If you have the foundation for understanding how elec-
tronic equipment operates, you need only experience and 
more study if you wish to become skilled. 

Reading and Interpreting Electronic Data 

Most electronic devices have operating or servicing man-
uals, often called technical manuals or instruction books. 
They contain text, diagrams, and other data required for 
troubleshooting. Equipment used in the home, such as 
radios, television receivers, and audio equipment, usually has 
service folders that contain similar information. These serv-
ice folders can usually be procured from any local electronic 
parts supply house. 

Ql. What is troubleshooting? 

Q2. What are the requirements for a good electronics 
troubleshooter? 
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Your Answers Should Be: 

Al. Troubleshooting is the process of locating the 
causes of malfunctions in an electronic circuit. 

A2. The basic requirements for a good troubleshooter 
are a basic knowledge of electronics, an ability to 
read and interpret data, the ability to operate var-
ious test equipment, and a logical testing method. 

Reading Technical Data 

Will you be able to read these manuals and folders? Yes, 
if you were able to understand the information presented 
thus far in this volume. The portions of schematic and 
block diagrams, the type of circuit descriptions, and the kind 
of test data that you have encountered are all representative 
of the information you will find in the manuals and folders. 

TECH 
MANUAL 

e 
ELECTRONIC EQUIPMENT 
{ SERVICING DIAGRAMS } 

TEST DATA 
CIRCUIT DESCR IPTIONS 

SERVICE 
FOLDERS 

Test Equipment 

You have studied the basic types of test equipment. All 
other types of test equipment are more or less complex 
adaptations of those included in this volume. Like any elec-
tronic equipment, their operation is founded on a basic set 
of principles. Therefore, you have the capability of learn-
ing how to operate and use them. Again, experience is the 
instruction needed to gain greater skill. 

o 
0 0 0 

o 

SAME OPERATING FUNDAMENTALS 
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LOGICAL TROUBLESHOOTING 

Logical troubleshooting is a systematic, common-sense 
method of isolating the fault in a malfunctioning piece of 
equipment. It does not employ the time-wasting or ineffec-
tive procedures of trial-and-error methods. The logical 
troubleshooter uses his knowledge of electronic principles, 

TECH 
MANUALS 

TEST 
EQU I PMENT 

his ability to extract data from a technical publication, and 
his skill in using test equipment. 

Logical troubleshooting is a time-proven" procedure used 
by all experienced technicians. Most of them have applied 
the procedure so often that they no longer pay attention to 
its fine points. Through habit and years of experience, they 
may have forgotten the specific details. 
Probably no two technicians would explain the procedure 

alike. However, all would agree that logical troubleshooting 
consists of a series of sequential steps. Each step is based 
on valid electronic deductions that systematically narrow 
down the trouble to increasingly smaller areas in the equip-
ment and finally to the faulty part, wire, or connection. 
Some technicians might list the procedure in two or three 
steps; others would count a dozen or more. Regardless of 
the number, the principle is the same. 

NARROW THE TROUBLE DOWN TO 
INCREASINGLY SMALLER AREAS. 

FAULTY 
PART 
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Five stens are listed below as the most reliable method of 
learning and applying this procedure. They can be applied 
to any equipment, regardless of size. The steps in the proper 
order are : 

STEP 1. Search for all trouble symptoms. 

STEP 2. Trace out all probable faulty functions. 

STEP 3. Expose the single faulty function. 

STEP 4. Pick out the faulty circuit. 

STEP 5. Seek out and verify the cause of the trouble. 

Note that the first letter in each step, read from top to 
bottom, spells STEPS. This fact will help you to remember 
logical troubleshooting. 

SEEK OUT CAUSE AND VERIFY. 

PICK OUT FAULTY CIRCUIT. 

EXPOSE FAULTY FUNCTION. 

TRACE OUT PROBABILITIES. 

STEP 1. SEARCH FOR ALL TROUBLE SYMPTOMS 

A trouble symptom is an outward indication that a piece 
of equipment is not working properly. In dead equipment 
the indication is fairly obvious. A hum in a radio receiver, 
a distorted picture on a TV set, or harsh, flat notes from a 
hi-fi set are also obvious and make further use of the equip-
ment undesirable. Then there are the less obvious indica-
tions as the performance of the equipment slowly worsens 
over a period of time. These are tolerated until the output 
becomes obviously distorted or blanked out. 
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Symptom Indicators 

Audible and/or visual outputs of an item of equipment are 
symptom indicators which, by the use of the front-panel 
controls, can help you to pinpoint the source of trouble. 

11 III I Iii 

INDICATORS' 

CONTROLS 

Many radio receivers have two output indicators, a speaker 
and a light ( usually illuminating the dial) ; the receiver also 
has at least two controls. The change from desired per-
formance can be registered in many ways—hums, squeals, 
squawks, low volume, two stations instead of one, or no 
sound at all. The light is either on or off. 
The controls can be used to obtain more information about 

the symptom. How does the audio change, if at all, when the 
volume control is rotated from one extreme to the other? 
Does the hum or other noise become louder, or does it remain 
the same? If there is no undesirable noise, will the control 
smoothly increase the volume of the station program? 

Q3. If the dial light is out, what are the possible causes 
of the trouble symptom? 

Q4. If you have determined that a radio is receiving 
only two stations instead of many, would this fact 
be a useful trouble symptom? 
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Your Answers Should Be: 

A3. If the dial light is out, the trouble could be no 
power to the radio; a burned-out lamp; a faulty 
switch; or faulty conductors, connections, or parts 
within the set. 

A4. Yes. If this information is not determined before 
proceeding further into the troubleshooting proce-
dure, much time could be spent in checking unnec-
essary areas of the radio. 

Obtain as much symptom information as you can during 
Step 1. Learning as much as you can about the trouble 
symptoms is the only effective way to begin a search for the 
cause and its source. 
A television receiver has an additional output and a 

greater number of front-panel controls that can be used in 
searching for trouble symptoms. It has a speaker, a dial 

(:)®® 

BCHV 

light, and a visual output indicator to detect trouble symp-
toms, and several controls that can be adjusted to observe 
additional symptoms or changes in output. Another advan-
tage in first looking for all symptoms is that proper adjust-
ment of a control will quite frequently eliminate the trouble. 
Ragged, slanted lines on the TV screen might be corrected 
by adjustment of the horizontal control. Distortion in height 
of the picture (large heads and short legs, for example) 
might be corrected by adjustment of the vertical-linearity 
control. If these adjustments correct the fault and there are 
no other symptoms, the troubleshooting job is completed. 
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The more complex equipment used in commercial, indus-
trial, and service installations provides additional means for 
tuning and setting-up operations. 

TRANSMITTER 
'MODULATOR 

CC211,e-
Ge 

RECEIVER 

, POWER 
SUPPLY 

STEP 2. TRACE OUT ALL PROBABLE 
FAULTY FUNCTIONS 

As applied to electronic equipment, a function is the pur-
pose of the equipment, group of circuits, or circuit. In the 
narrowing-down feature of logical troubleshooting, the idea 
is to pick out a few of the several functional circuit groups 
in which the trouble most probably lies. When this is accom-
plished, the search is narrowed down to a smaller area. 

MIXER 

,10.51 iimm-1TORl 

RF FUNCTION  

AUDIO FUNCTION 

DETECTOR 

,---POWER-SUPPLY FUNCTION 

In smaller equipment such as the radio receiver illustrated 
above, the number of circuit-group functions may be limited. 
Further limitations are imposed by the receiver, which has 
only two controls—tuning and volume. However, the an-
tenna, mixer, oscillator, and IF amplifiers of the set shown 
can be grouped within a radio-frequency function. The com-
bination of detector, audio amplifier, and speaker is desig-

FUNCTIONAL 
CIRCUIT 
GROUP 

(RF FUNCTION AUDIO FUNCTION) 

TUNING 
CONTROL 

4 
(POWER SUPPLY) VOLUME 

CONTROL 

nated as an audio function; the power supply, its filter 
network, and power cord become the power-supply function. 
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Isolating Faulty Radio Functions 

The tuning control of the receiver is connected to the 
inputs of the mixer and oscillator, and the volume control 
is connected in the input circuit of the first audio amplifier 
stage. Information obtained from adjustment of these con-
trols can therefore be associated with the respective func-
tional groups. The purpose of the second step is to trace 
out and identify the functions whose symptoms indicate a 
malfunction. 
The following is an example of the second step. The origi-

nal symptom in the radio receiver is weak output. Adjusting 
the volume control makes little or no difference. The tuning 
control shows a small but significant difference between loud 
and weak stations. The dial lamp is on. In which func-
tion ( s) is the probable location of the trouble? The most 
probable location is the audio function. The power-supply 
function is a possibility, but the RF function can almost be 
eliminated. If you were to list all three functions as prob-
ables, based on your technical knowledge of how the receiver 
works, your answer could be just as correct as the one given. 
As stated in the title for Step 2, trace out all the probable 
faulty functions. Place them in the most logical order. 

RF FUNCTION 
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TUNING 
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FUNCTION 
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Try another problem. During Step I, no stations are 
heard, regardless of where the tuning control is set. The 
dial lamp is on. Rotation of the volume control causes an 
increased crackling, rushing noise in the speaker. In which 
function (s) would you expect to find the trouble? 
The most probable location of the trouble in this case is 

the RF function. The noise heard in the speaker is the nor-
mal noise generated by the vacuum tubes in the radio. This 
noise indicates that the tubes are getting voltage from the 
power supply and that the audio stages are performing their 
amplifying function. 
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Television Functions 

A television receiver can be broken down into a large num-
ber of sharply defined circuit-group functions. The thirty or 
forty circuits in one type of television receiver can be vis-
ualized in functional circuit groups as shown below. 

FUNCTIONAL GROUPS IN A TV RECEIVER 

LOW-VOLTAGE 
POWER 
SUPPLY 

SOUND 

VIDEO 

VERT. & HOR I Z. 
CIRCUITS 

HI -VOLTAGE 
POWER SUPPLY 

Suppose that during Step 1 you learned the following 
symptoms. Audio appears to be good, but the picture covers 
only half of the screen vertically. Width appears to be 
proper. Adjustment of the vertical control makes no appar-
ent change in height, but does cause the picture to roll. 

Since audio (sound) and image (picture) appear to be 
good, the sound and video functions are eliminated. If these 
are working properly, the RF function must be operating 
properly. If the high voltage were low or absent there would 
be no picture on the screen. The low voltage must be good 
since the picture, its width, and the sound are good. Logical 
reasoning indicates that the trouble must be in the vertical 
and horizontal circuits. 
As a result of reaching only the second step in logical 

troubleshooting, you have limited the trouble to a half-dozen 
circuits out of a possible thirty or forty. This is much better 
than checking them all. In addition, the logical deductions 
you have made have given you a good idea as to the type 
of trouble you are looking for. Evidently the output voltage 
of the vertical deflection signal is not large enough to swing 
the electron beam over the full height of the screen. 

Q5. Which function in the diagram above is the most 
probable location of trouble if the picture is good 
but there is no audio output? 
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Your Answer Should Be: 

A5. Sound (including the speaker) is the only probable 
malfunction. A good picture indicates that the 
other functions must be working properly. The RF 
and low-voltage power-supply functions feed both 
the sound and picture sections ; since the picture is 
proper, both of these functions must be working. 

Review of Steps 1 and 2 

During the first two steps of the logical troubleshooting 
procedure, analysis is confined to information obtained from 
outside the equipment. 

After obtaining all the information you can about the 
original trouble symptom (s) by manipulation of front-panel 
controls and observation of output indicators during Step 1, 
you proceed to the second step and trace out all probable 
faulty functions. In Step 2 you use the symptom informa-
tion to make logical technical deductions and identify the 
functional areas of the equipment that may contain the 
trouble. Up to this point you have neither entered the equip-
ment nor used any external testing devices. 
While making technical deductions during Step 2, you may 

find it desirable to obtain additional symptom information. 
Returning to the procedures of Step 1 will not violate any 
rules. You may often find it necessary to return to a pre-
vious step or steps for re-evaluation purposes. 

Until you become experienced in troubleshooting, write 
out the data obtained or conclusions reached during each 
step. You will find that this procedure reduces the necessity 
of returning to a previous step for verification. 
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STEP 3. EXPOSE THE SINGLE FAULTY FUNCTION 

In Step 3 you can use test equipment to determine which 
one of the probable faulty functions contains the trouble. 

Radio Application 

Refer to one of the radio receiver examples used in the 
preceding step as the first example. No stations were heard 
at any frequency. The lighted dial lamp indicated that 
power was applied. An increase in receiver background 
noise as the volume control was adjusted indicated that the 
audio function was good. It was decided that the radio-fre-
quency function was suspected to be defective. 

RF FUNCTION 

1 POWER SUPPLY : 

•  

FUNCTION 
AUDIO 

The only purpose of Step 3 is to locate the single function 
that is causing the equipment to operate improperly. In the 
example above, either a scope or a VTVM can he used. 

TESTING FOR PRESENCE OF A SIGNAL 

TEST 

DIODE 
PLATE 

RF FUNCTION 
AUDIO 

FUNCTION 

From the schematic diagram of the receiver, locate the pin 
number of the upper diode plate of the detector. Connect the 
oscilloscope to the proper socket terminal and rotate the tun-
ing control. If no audio-modulated signal is noted at several 
station settings, the RF function is not operating properly. 

Q6. What would you look for with a VTVM? 
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Your Answer Should Be: 

A6. You would look for an AC signal. If this signal is 
present, the voltage would not be very large and 
the meter reading would show a steady average of 
the changing amplitude. For this reason, an oscil-
loscope would give better confirmation of a signal 
if one were present. 

If a good, but weaker-than-normal, signal is obtained, 
deductions made during Step 2 are erroneous. However, the 
effort made thus far in Step 3 is not wasted. You have added 
more data to your store of symptom information. You can 
now go back to Step-2 procedures and the functional block 
diagram better equipped to select the probable faulty func-
tion ( s). 
Having recorded a weak output for the RF function, you 

also conclude that the weak signal should have been passed 
through the audio function if it were good. When a recheck 
is made of speaker output with the volume control at maxi-
mum, background noise this time seems weak. Since both 
functions are weak, you suspect the power supply of faulty 
performance. 

RF FUNCTION 

4  

POWER SUPPLY 

o. 

AUDIO 
FUNCTION 

SUSPICION 

The new Step-2 conclusion places the probable location of 
the trouble in the power-supply function. A Step-3 check of 
the schematic for the receiver indicates that there should be 
a pulsating DC output of 90V. With a VTVM or multimeter, 
the DC reading shows less than half this value. The faulty 
function has been confirmed. 
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TV Receiver Application 

The results of the first and second steps for a TV receiver 
could be the following: 

STEP 1. Symptoms—Good audio; good picture image but 
it covers only half the height of the screen; there 
is no change noted while adjusting the vertical 
control. 

STEP 2. Deductions—The trouble is probably in the ver-
tical and horizontal functions. 

SPEAKER 

RF 

LOW - VOLTAGE 
POWER SUPPLY 

The schematic diagram included in the technical manual 
or servicing folder for the receiver should be used in locating 
the output test point of the probable faulty function. You 
will find that a schematic diagram will be your most valuable 
single item for troubleshooting. 
The oscilloscope is the best piece of equipment to use for 

obtaining readings at a suspected trouble point, since you 
can observe the shape of a waveform as well as measure the 
amplitude (voltage, in this case). To measure voltage, the 
oscilloscope screen with its graticule must first be calibrated 
from a known voltage source. Multimeter or VTVM AC volt-
age readings are difficult to use for confirming whether the 
output is good or bad. TV receiver schematics usually show 
waveform outputs with peak-to-peak (p-p) voltage values. 
These are difficult to convert to meter readings. 

Q7. How would you locate the correct test point to ver-
ify that the trouble is in a certain function? 

Q8. What test equipment would you use to check the 
waveform at the test point? 
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Your Answers Should Be: 

A7. Use the schematic or block diagram that comes 
with the equipment to locate individual test points. 

A8. The oscilloscope is the best piece of equipment to 
use when checking waveforms. 

A low reading would substantiate the Step-2 deduction 
that vertical and horizontal circuits probably contained the 
fault. However, care should be taken in making this deci-
sion. The reading should be substantially lower than that 
shown in the service data—about half as much in this case. 
Since there is a variation in part values among pieces of 
equipment, test values on a diagram are representative only 
of those found in most equipment of the same model. How-
ever, the equipment readings should be within a few per 
cent of those specified. If the output of the vertical section 
reads low in this example, Step 3 would be successfully 
concluded. 

If the reading is very close to normal, your conclusion 
must be that the vertical and horizontal functions are prob-
ably not at fault. If the oscilloscope test produced these 
results, what should you do next? Revert to Step-2 proce-
dures; trace out all probable faulty functions, and then apply 
the new information you have learned. 

HORIZ. DEFLECTION 
VERT. DEFLECTION COIL. 

COIL 

In re-evaluating your symptom information on the Step-2 
level, you find: 

1. Good sound and picture image, therefore power-supply 
voltages must be correct. 

2. Horizontal width of the picture on the screen seems 
proper, so that portion of the circuit can be assumed 
to be good. 
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3. The verifying test showed that the vertical output was 
operating as it should. Frequency, shape, and amplitude 
of the sawtooth output appeared good. 

Since deductions and tests show that all other functions 
are good, the possibility is very strong that the fault is in 
the vertical-deflection coil, since this is the only remaining 
part that has any control over the height of the picture. 
Now apply Step 3 to a more difficult TV malfunction. This 

is what you might write down for the first two steps: 

STEP 1. Symptoms—Sound is good, but weaker than nor-
mal. The screen is blank; there is no picture or 
raster ( horizontal lines on the screen when sta-
tion is not on the air). The adjustment of 
contrast, brightness, vertical, horizontal, and fine-
tuning controls makes no change. Moving the 
channel-selector switch to other stations has the 
same results. 

STEP 2. Deductions—Sound and RF functions are prob-

ably good. The low-voltage power supply might 
be good, since the sound circuits are operating. 

However, the power supply might be providing 
just enough voltage for sound and RF, but the 
output is too low for one or more of the other 
functions. All the other functions—video, CRT, 
high-voltage power supply, and horizontal and 
vertical circuits—are probable causes of trouble. 

In the functional block diagram of the TV receiver shown 
below, the suspected functions are marked with PF (prob-
ably faulty), and the unsuspected, with PG (probably good). 

LOW -VOLTAGE 
POWER SUPPLY 
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Five functions are suspected as being probably faulty. In 
which order should they be tested to arrive at a Step-3 con-
clusion (exposure of the single faulty function) ? 
Three rules should be applied in answering this question. 

First, make only those tests that are safe to make. Second, 
make the tests in the order of least difficulty. One that re-
quires dismantling a section of the equipment is an example 
of a difficult test. Third, test those functions first that will 
eliminate one or more of the other functions considered 
probably faulty. Those that are equal in terms of these rules 
become a matter of personal choice in the testing sequence. 
A good sequence of function tests is the following: 

1. Vertical and horizontal circuit function—This is selected 
first because if it were operating properly a raster would 
be present on the screen, whether the video function is 
sending sync signals to it or not. Under the conditions 
of a completely blank screen, there is neither a vertical 
nor a horizontal output, if this is the faulty function. If 
the function checks to be good with an oscilloscope test 
of the two outputs, the low-voltage supply is considered 
good. Sufficient voltage is being applied to operate the 
sync function. 

2. Video function—Although the output of the video func-
tion could not be responsible for the missing raster, the 
function is worth testing. Video output to the CRT is 
checked for proper values of image and blanking pulse, 
and the output of the sync function is measured for 
sync pulses. 

3. Cathode-ray tube—The CRT should be checked before 
the high-voltage power supply. By looking down into 
the base of the tube you can determine whether the 
heater is working. If it is, there will be a bright glow. 
Also check for gas. This is determined by a bluish glow 
within the neck of the CRT. A small blue cloud near the 
base, although not desirable, will have little effect on 
the beam and does not explain a blank screen. 

4. High-voltage power supply—If all the preceding func-
tions have been tested and rated as probably good, the 
high-voltage power supply could be exposed as the single 
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faulty function by default. A review of the symptoms 
and test results makes this a logical deduction. If high 
voltage is missing from the CRT, the electron beam will 
not reach the screen. As a result, neither a raster nor 
a picture will appear. 

Review of Steps 1, 2, and 3 

The STEPS procedure has been three-fifths completed. The 
approach has quickly narrowed the trouble to a single func-
tion among several by making logical technical deductions 
on the basis of accumulated data. 

The STEPS Method 
E UIPME 

î  

FIND THE SINGLE FAULTY FUNCTION 
STEPS 1 2 & 3 

tI 
FUNCTION\ 
II k\ 

 1--

//‘• 

// 

FIND THE FAULTY 
PART-SW 5 

FIND THE FAULTY  3, ' 
CIRCUIT-STEP 4  \ CIRCUIT 

STEP 4. PICK OUT THE FAULTY CIRCUIT 

The narrowing-down process continues in the fourth step 
by working toward the faulty circuit within a functional 
group. The procedure is carried out by making technical 
deductions from accumulated symptom and test data. These 
deductions result from studying the servicing block diagram 
and then closing in on the malfunctioning circuit. 

The Servicing Block Diagram 

This is a diagram that you have used many times in this 
volume. It consists of individual blocks representing each 
circuit within the functional group. The blocks are intercon-
nected to show the direction of signal flow, and input and 
output test points are indicated. Some servicing block dia-
grams include waveform data at significant points within the 
diagram. 

Q9. Testing which TV receiver function would violate 
the rule: "make only those tests that are safe"? 
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Your Answer Should Be: 

A9. The high-voltage power supply would be unsafe to 
test. The output could be as high as 30,000V. 

Quite often, the equipment you will be troubleshooting 
may not have a servicing block diagram. The schematic dia-
gram can be used instead. However, until you become accus-
tomed to visualizing the schematic of individual circuits as 
a simple functional block without the distracting influence 
of its parts, you should draw your own block diagram. 
A complete servicing block diagram for a radio receiver is 

shown below. 

DETECTOR 
1/2 12AT6 

G PG CONVERTER 
1213E6 5. I 

IF P G 
AMPLIFIER -.... . 
I2BA6  5 ',I 

t \ 

OSCILLATOR 
NETWORK 

(5 

TUNING 

AVC 
4  ‘ 

1ST AUDIO 
AMPLIFIER 
1/2 12AT6 

POWER 
SUPPLY 
35W4 

VOL 

K 

PG 

7 5 

0 
AUDIO 
AMP 
5005 

FILTER 
NETWORK 

P 

7 

APKR 

With waveforms shown between stages and input and out-
put tests points identified, a servicing block diagram can be 
used for isolating a faulty circuit. In the above diagram, VI, 
V2 and V3A are included in the RF function, and V311 and V4 
in the audio function. V, is the power-supply tube. 

Closing-in Procedure 

When picking out the faulty circuit in Step 4, it is neither 
desirable nor necessary to check the inputs and outputs of 
each circuit contained in the faulty function. Some functions 
may have two or three, and others a dozen or more, stages. 
Finding the faulty circuit with a minimum number of tests 
is accomplished by using a closing-in, or bracketing, process. 
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When working from a servicing block diagram that con-
tains the faulty function identified in Step 3, enclosing indi-
cators are placed at the inputs and outputs of the functional 
group. These can be pencil marks as shown below, or they 
can be small weights to eliminate damage from repeated 
erasures. You can even depend on your memory for locating 
and recalling the enclosing marks. A G (good) mark at the 
input ( s) indicates that this point has been tested and found 
to be satisfactory. A B (bad) mark at the output ( s) indi-
cates a test has revealed the output waveform is improper 

or nonexistent. 

Linear Circuits 

The diagram shows circuits following each other in a line. 
Such an arrangement is known as a linear signal path. Marks 

G 

vio 12 

  FAULTY FUNCTION  

on the diagram show a good input and a bad output. The 
concept of Step 4 is to isolate the one faulty circuit among 
the five with the fewest tests. 
To minimize the number of circuit tests required, the first 

check with the oscilloscope is made at either the input or 
output of Vi 0. V10 is the middle tube in the group; a good 
or a bad indication eliminates the necessity of checking 
about half of the circuits. It is usually acceptable to check 
the output of V9 or the input of V11, since the waveforms at 
these points are essentially the same as the input or output 

of V10, respectively. 
This procedure of dividing a linear string of circuits for 

testing purposes is known as the half-split method. If the 
test is made at the output of V,0 and reveals an improper or 
nonexistent waveform, the bad indicator should be moved 
to that point. 

G 

V8 v9 VIO 

Q10. What is the concept of Step 4? 

V1' V 12 
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Your Answer Should Be: 

A10. The concept of Step 4 is to isolate the one faulty 
circuit among the many in the suspected function. 

The faulty circuit is now located between the input of Vg 
and the output of V10. If the scope test is properly made, 
V11 and V12 are considered good. If the test reveals a proper 
waveform, the good mark is moved as shown below. With 
the good mark at the output of V10, circuits Vg through Vio 
are no longer suspects; the faulty circuit is thus V11 or V12. 

n 
; G 
\ 
% 

v10 

8 

By moving either the good or bad mark, depending on the 
result of the test, the faulty circuit is restricted to a smaller 
enclosure. By half-splitting again between the new G and B 
marks, the enclosure is made even smaller. In the second 
example, a test at the output of Vil identifies the faulty cir-
cuit. Depending on the results of the test, G or B is moved 
to that point, and either V11 or V12 is pinpointed as the 
faulty circuit. 

Take a dead receiver as a practical example. The only 
symptoms obtained in Step 1 are no sound output or elec-
trical power reaching the power supply. In Step 2 all func-
tions are listed as probables. Step 3 reveals the following 
information. 
r 

RF FUNCTION 

7 
AUDIO FUNCTION 

POWER 
SUPPLY 

8 

K G 
FILTER / 

7 NET. 

POWER SUPPLY FUNCTION 

-10--

-, 
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Good test indications are made at the input of V', the 
input of V31t, and the output of the filter network in the 
power supply. A bad test is identified at the speaker input. 
The audio function is therefore suspected of being faulty. 

The first test of Step 4 should be made at the grid (pin 5) 
of V, or the plate (pin 7) of V38. 

Convergent Circuits 

There are circuit combinations other than linear. One of 
these is called convergent. As the name implies, a conver-
gent circuit is one in which the outputs of two or more cir-
cuits converge (join) to feed a single circuit. 

CONVERGENT CIRCUIT 

G 

G 
.77 

CONVERGING POINT 

FAULTY FUNCTION  

The diagram above shows the test results of Step 3. Inputs 
to both channels of the function are good, but the single 
output is bad. The decision of where to make the first Step-4 
test depends on the nature of the bad output. 

First, assume that there is no output signal of any kind. 
After checking the function of V40, it is learned that this 
circuit does not operate unless the outputs of both channels 
are received. This is called a gating circuit. To minimize the 
number of tests, where should the first check be made? 
The first test should be made at the converging point. A 

waveform reading at the input of V40 will reveal the nature 
of the outputs from V.,1 and V31. If both waveforms were 
there and of the proper shape, the G could be moved to the 
converging point, thus limiting the remainder of the search 
to V.10 and V41. 

Q11. What is a convergent circuit? 

Q12. What is meant by gating? 
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Your Answers Should Be: 

All. A convergent circuit is one in which the outputs 
of two circuits join at a point to supply a signal to 
one subsequent stage. 

Al2. Gating refers to certain circuits that have one 
output but two or more inputs. 

It is not probable that both output signals are missing or 
improper. Therefore, the check at the converging point, if 
not good, identifies which channel is bad. B is then moved to 
that output, reducing the number of faulty circuits to one. 
In cases where the convergent circuit passes either output 
signal as long as it appears on the grid, the approach to 
testing is a little different. Note these output waveforms: 

10 l.lsec 

— e--1 V21 

G 

•OV 
10 µsec 

AS MEASURED 

1 gsect 

2V 3 

V31   

V41 

4V T  " V 

SHOULD BE — 

10 µsec 

The first test should be made at the converging point (G3 
of V4o ). A comparison of the two output waveforms—the 
measured waveform and the correct waveform—indicates 
that the 1-microsecond pulse is missing. A proper deduction 
shows that the small pulse does not leave V3,, therefore it 
is correct to make a test at the output of V31. 

If the above deduction is verified, B is moved to the output 
of V31. A single circuit is enclosed, and Step 4 is satisfac-
torily completed. But, if the test is good, the lower G is 
moved to the converging point, leaving V40 and V41 as prob-
ables. It is already known that the square wave from Voi 
is passing through the complete functional group. One more 
test between V40 and V41 isolates the faulty circuit. 
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Divergent Circuit 

A divergent circuit is the opposite of a convergent circuit: 
the output of a single circuit feeds into inputs of two or 
more other stages. 

........ ********** 
DIVERGENT CIRCUIT 
10V P-P 
30 Cf) 

3 
• 

DIVERGING POINT 

•••• ...................................................... 

V53 

V60 

V54 

V61 

B 

• 

.......... 

The illustration shows that the input to the divergent cir-
cuit (V,) is good and that the output should be a 30-cps 
sine wave at 10 volts peak-to-peak. If the B indicates no 
output at either point, the first test should be made at 
the output (pin 3) of V. If there is no output at this point, 
enclose V52 with a G and a B, and Step 4 is concluded. 
Suppose that the divergent circuit conditions were the fol-

lowing. Actual measured waveforms are shown at the appro-
priate points as a result of Step-3 testing. 

G 

-•G.I• V 
5  5 

5• 

G 

V53 

6o 

V54 

61 

J-L 

AMPLITUDE TOO LOW 

Q13. What are the operating conditions of V53 and V54? 

Q14. Is V52 in good or bad operating condition? 

Q15. Based on the conditions shown in the diagram, 
where should the first Step-4 test be made? 
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Your Answers Should Be: 

A13. The output G of that channel indicates that V53 
and V,, are operating properly. 

A14. Since the output of V5, is a good signal, V59 is 
probably in good operating condition. 

A15. The first Step-4 test should be made at the output 
of V60 or the input of V61. 

If the test mentioned in A15 is favorable, the G is moved 
up, and V61 is enclosed with a G and a B. If the test requires 
that a B be moved to the output of V60, a second test at this 
input encloses either V60 or Ve as the faulty circuit. If it is 
found that V5., is producing the improper waveform, then the 
G analysis of the square-wave output from V54 is not very 
accurate, or the faulty output of V, is sufficient as an input 
to that channel. 

Switching Circuits 

In many types of equipment, two or more circuits or chan-
nels may be switched individually to another channel. 

G SWITCHING CIRCUIT 

'14:0  
si 

With switch S, in position A, Step-3 tests reveal good 
inputs to V3 and V, but a bad output from V6. The first test 
to make in Step 4 is a reading at the output of VG with S, 
in position B. If the reading is what it should be, V5 and V6 
are good and the B can be moved to the output of V3. 

If the VG output is found to be bad, none of the enclosing 
marks can be moved, but additional information has been 
obtained about the probable location of the fault. It is im-
probable that both V3 and V4 would go bad simultaneously. 
This conclusion is verified by making the next test at the 
input of V,. If, as suspected, the check is good, then either 
V, and V6 is faulty, and the obvious enclosing test is made. 
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The switching-circuit channels also appear in reverse 
order, such as a single channel capable of being switched 

into one of two or more channels. 

"1 v 

V22 

In the diagram above, when So is switched to position B, 
the conditions indicate that V10, V2I and V— are good. This 
leaves VII and V1.» in the circuit group as the only suspects. 
The quickest way to determine which is bad is by testing 

between them. 
These are the typical circuit combinations that you will 

encounter while troubleshooting. You have seen that by 
combining technical knowledge with common sense, the num-
ber of enclosing tests to isolate a faulty circuit in a func-
tional group can be kept at a minimum. 

Enclosing a TV Receiver Function 
Assume that the vertical and horizontal function of a TV 

receiver has proven to be faulty. Circuit conditions are 
shown below. Horizontal- and vertical-sync pulses appear at 
the grid of V13, where they are amplified. The sync separator 
separates the vertical-sync pulses from the horizontal-sync 

pulses. 

TV SWEEP FUNCTION 

G V13 

FROM \ SYNC 
V I E0-4-- AMP. 

V14  

SYNC 
SEP 

V15 
VERT 
OS C. 

V16 

Vil 

HORIZ. 
MULT. 

VERT. 
OUTPUT 

N4 

  HORIZ. 
DRIVE 

The vertical and horizontal channels generate waveforms 
of the proper frequency, shape, and amplitude to cause the 
electron beam in the CRT to sweep the required horizontal 
lines on the screen. Oscillations continue whether sync pulses 
are received or not. This is the reason for the raster appear-
ing on the screen when a station is not tuned in. 
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The purpose of the sync pulses is to time the start of each 
line with corresponding events in the TV camera. If this 
were not done, the picture on the screen would be greatly 
distorted and unrecognizable. 
The symptom noted in Step 1 of the troubleshooting pro-

cedure was a thin horizontal line across the face of the 
screen. Sound was good, and the condition repeated itself 
on all channels. 

Steps 2 and 3 earmarked the vertical and horizontal func-
tion as being faulty. In the testing process, the input of 
sync pulses to V13 appeared good. So did the output of the 
horizontal channel. (N4 is a network of capacitors and resis-
tors that sharpen the shape of the waveform.) There is no 
measurable waveform at the output of V16. Appropriate 
enclosure marks are shown on the diagram. 

V13 and V14 are apparently operating properly in accord-
ance with the tests shown. At least the horizontal portion 
of V, appears to be good. The first test should be made at 
the input to V15. This allows the G or B to be moved to that 
point, depending on test results. From there, only one more 
test must be made to isolate the single faulty circuit. If the 
input to V,,, or the corresponding output from V, is good, 
the next test should be made at the V15 output or V16 input. 

Step 4 Review 

When picking out the faulty stage of a circuit group, 
symptoms and data from the first three steps are used in 
making deductions from a study of a servicing block dia-
gram. Enclosure marks employing pencil, weights, or mem-
ory are placed at function inputs and outputs to show 
whether previous tests were good or bad. The enclosure 
marks are moved in accordance with circuit input or output 
tests made as the result of a technical and common-sense 
analysis of the circuit types, which are linear, convergent, 
divergent, or switching. 

STEP 5. SEEK OUT AND VERIFY THE CAUSE 
OF THE TROUBLE 

The troubleshooting procedure thus far has narrowed the 
trouble to a single circuit, consisting of a few electronic 
parts. The seek-out portion of the final step suggests that 
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the faulty part be found and verified as the cause of the 

trouble symptoms. 

Analyzing the Output Waveform 

The trouble can be narrowed down by analyzing the out-
put waveform of the circuit, making voltage or resistance 
checks, and/or substituting a good part for one that is 

suspected of being bad. 

OUTPUT AS OUTPUT AS IT 
VT SHOULD BE WAS MEASURED 

Comparing the output waveform actually measured against 

that of the proper waveform often provides clues as to the 
location and/or cause of the trouble. The above illustration, 
for example, shows the good and bad outputs of an amplifier. 
From your knowledge of how an amplifier circuit works, the 
trouble seems to be in the grid or cathode sections. Thus, 
examine that portion of the circuit. 

Shown above is a faulty full-wave rectifier circuit with 
measured input and output waveforms. The proper output 
waveform is also included. Half of the output cycle is miss-
ing. A study of the schematic diagram and the waveforms 
reveal that you should concentrate your search in the lower 
plate section of the diode. 

Q16. What does Step 4 enable you to do? 

Q17. What is the purpose of Step 5? 
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Your Answers Should Be: 

A16. Step 4 enables you to determine in which circuit 
of the equipment the malfunction is located. 

A17. Using Step 5, you can find the component that is 
causing the trouble in the suspected circuit. 

This type of waveform analysis in most cases will help you 
limit your search to a small area of a circuit. Of equal or 
even greater importance, a knowledge of the nature of the 
distortion in an improper waveform will assist you in verify-
ing that the located fault is the actual cause of the trouble. 
Making Voltage and Resistance Checks—If an analysis of 

the output waveform provides a probable location, or if there 
is no waveform to be analyzed, the next procedure involves 
making voltage and resistance checks. Some schematics pro-
vide both voltage and resistance readings in chart form. If 
the measured values of a suspected part are not reasonably 
close to those indicated in the diagram or chart, you have 
narrowed down the trouble. 

In nearly all examples the elements of a tube are marked 
with their pin numbers, as shown above. Transistor leads 
are identified by the elements shown in the schematic. A 
notation on the diagram identifies the type of instrument 
used in making the measurements. For example, DC voltage 
measurements are taken with a 20,000-ohms-per-volt meter, 
and AC voltages with a 1,000-ohms-per-volt meter. 
The diagram may also include the following notations: 

Pin numbers are counted in a clockwise direction when 
viewed from the bottom of the tube socket. 

Measured values are from pin socket to ground unless 
otherwise indicated. 
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Controls are set for normal operation. 

Component values are given in ohms and micromicro-

farads, unless otherwise stated. 

R43 

47 6 

R42 
3.6K 

V7 I 
6C4 R45 

12K 

3, 4 +13 
X X 

R41 BIAS ADJ. 
1K 

TO T B 32 

,̂e.zus - ,•- -- x-,-,., — 
, 

ELEMENT PIN NO. VOLTAGE 
RESIS— 
TANCE 

PLATE 1 +250y 130K 

e 
FILAMEN1 3 3.15VAC 0 

.: FILAMENT 4 3.15VAC 0 

GRID 6 +72V 80K 

CATHODE 7 +76V 5K 

It is generally better to take voltage readings first and 
resistance readings second, if they are required. If voltages 
are to be read at all pin numbers, it is best to take them 
in sequence of voltage values rather than pin numbers. For 
example, start with a high scale on the voltmeter and meas-
ure the pin having the higinst voltage. In this case it would 
be the plate, pin 1. Use a scale that will permit a higher 
reading than the 250V shown; this will prevent damage to 
the meter in case the actual voltage is much higher. Next, 
measure pins 6 and 7, since they are supposed to have volt-
age values relatively close together. Finally, pins 3 and 4 
can be measured on an AC voltage range. 

If you are able to determine suspected sections of the cir-
cuit from an analysis of the improper output waveform, take 
voltage readings at these sections first. For example, if your 
deduction indicated that the waveform was being distorted 
by improper grid-to-cathode bias, these would be the pin 
voltages to check first. If the pin-6 measurement is the 
proper 72V but pin 7 is 80V, your deduction would be con-
firmed and the trouble fairly well isolated. 

Q18. How would you determine which components are 
included in the resistance reading from pin to 
ground? 

Q19. If you measured zero volts at pin 3 in the diagram, 
what would be your conclusion? 
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RESISTANCE MEASUREMENTS 

Your Answers Should Be: 

A18. All the parts included in the resistance being 
measured from a pin to ground can be determined 
by tracing them out on the schematic diagram, 
making sure you will find all the parallel paths. 

A19. If zero volts were measured on the heater pin, the 
conclusion would be that voltage is not available 
at this pin. 

In another type of presentation for voltage and resistance 
readings, voltages are placed near the tube elements, and 
resistance measurements are shown in chart form. 

0 
1/26E3L7GT 
2 

430V 

ISTAGE 

I V8  

TUBE PIN 1 PIN 21 PIN 3 PIN 4 PINS PIN 6 PIN 7 PIN 8 

As in the previous example, part numbers and their values 
are shown on the schematic. If the trouble is isolated to one 
section of the circuit, the individual parts can then be meas-
ured. If, for example, something other than 25V and 920 
ohms were read from pin 3 to ground, either C3 or Ft, would 
be suspected of causing the trouble. 

If R4 is to be measured, one of the capacitor leads must 
be separated from the resistor. Otherwise, if ohmmeter test 
leads were placed across the resistor, they would still meas-
ure the parallel resistance of the two parts. In this case a 
capacitor lead could be unsoldered from ground or the tube-
socket pin. If It, does not measure close to 5.68K, it may be 
the cause of the trouble. 
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Part Substitution 

It is often necessary to substitute a known good part for 
one suspected of being faulty. C3 in the example on the 
opposite page could be such a case. Replacing it with a new 
capacitor of the same value will confirm whether it is good 
or bad. The same reasoning applies to other parts, includ-
ing tubes and transistors. As you recall from a preceding 
chapter on tube testers, one of the only valid methods of 
checking a faulty tube is by substituting a good one. 

Verifying the Cause 

Although a faulty part can actually be located by the pre-
ceding methods, Step 5 is not completed. The nature of the 
fault must be compared with and verified by the trouble 
symptoms obtained in preceding steps. If an open resistor, 
shorted capacitor, weak tube, etc., adequately explains the 
improper waveforms and trouble symptoms, then you can 
feel reasonably sure that you have found the cause of the 
trouble and can make the necessary repair. 
However, if the nature of the trouble does not substan-

tiate the distorted waveforms or other trouble symptoms, 
you have not found the faulty component or, in some cases, 
you have found only one of the faulty components. For 
example, a slight change in the value of a plate resistor does 
not explain the loss or flattening of a half cycle in an ampli-
fied sine wave. 
The faulty component you have isolated may have been 

the result of a fault in another part of the circuit or even 
in an adjacent circuit. The narrowing-down procedure may 
have uncovered a cathode resistor whose measured resist-
ance deviates greatly from its rated value. In addition, if 
the resistor is badly charred it is evident that the resistor 
has been passing an excessive amount of current. The cause 
could have been a gradual decrease in resistance over a 
period of time, allowing more and more current to pass until 
the charred condition resulted. However, the increase in 
current could also have been caused by a faulty component 
in another part of the circuit. A decrease in the plate or 
screen resistance would also cause excessive current to flow 
and damage the cathode resistor. 
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If, in such a case, the cathode resistor were replaced with-
out verifying the cause of the trouble, the same trouble 
symptoms would repeat themselves after a period of time. 
Always verify that the isolated fault explains the trouble 
symptom (s) and that it is the actual cause of the mal-
function. 

Repair 

You may have noted that the word repair was not included 
in the troubleshooting steps. Replacing a part, resetting an 
adjustment, or restoring a connection is actually not a part 
of troubleshooting. Troubleshooting includes all the proc-
esses required to isolate the faulty condition. Once the trou-
ble is found and verified, then the repair can be made. 

WHAT YOU HAVE LEARNED 

1. Troubleshooting is the process of locating a fault in a 
piece of equipment. 

2. To become a good troubleshooter, you must: 

(a) Know enough about electronic principles to use 
them in determining how equipment operates. 

(b) Know enough about the use of test equipment to 
make and interpret test readings properly. 

(c) Know enough about electronics to extract desired 
information from a technical manual or service 
folder. 

(d) Know enough about the logical troubleshooting pro-
cedure, STEPS, to apply it well. 

3. A good method of troubleshooting is a systematic, 
orderly process called logical troubleshooting. 

4. The logical troubleshooting procedure consists of five 
parts. The initial letters of these parts spell the word 
STEPS. 

STEP 1. Search for all trouble symptoms. 

STEP 2. Trace out all probably faulty functions. 

STEP 3. Expose the single faulty function. 

STEP 4. Pick out the faulty circuit. 

STEP 5. Seek out and verify the cause of the trouble. 
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Introductiori 

This volume, the fifth and last in the series, is concerned 
with the principles of AC and DC motors and generators. 
The text is designed to provide the reader with a sound 
understanding of the fundamentals of motors and gener-
ators. The characteristics of each type of machine are pre-
sented so that the student can relate each type to actual 
applications. In this way, reader interest is maintained, and 
the information presented is of practical value. 

WHAT YOU WILL LEARN 

You will be shown how the operation of motors and gen-
erators depends on the basic electrical principles you have 
already learned. You will see how these principles are put 
to work to perform specific tasks with electrical machines. 

First you will be introduced to the ways in which mechan-
ical energy can be transformed into electrical energy, and 
vice versa. Such terms as commutator, slip rings, torque, 
left-hand rule, brush, armature, and many others are ex-
plained. 
DC generators are discussed in detail. Construction de-

tails are given, including bearings, armature cores, etc. 
Wave windings as well as simplex, duplex, and triplex lap 
windings are explained. The characteristics of separately 
excited, shunt, series, and compound generators are de-
scribed, along with losses (copper loss, eddy-current loss, 
and hysteresis loss). You will learn about armature reac-



tion and the methods used to counteract it. The methods of 
paralleling DC generators are given, and maintenance tech-
niques are described. 
You will learn that DC motors are similar in construction 

to DC generators. Counter emf and armature reaction are 
discussed in addition to the characteristics of shunt, series, 
and compound motors. Several types of DC motor starters 
are covered, and the most common methods of motor speed 
control are listed. 
The text on AC generators explains synchronous, induc-

tion, single-phase, and polyphase types. Armature reaction, 
frequency control, and voltage regulation are discussed. 
Methods of connecting several AC generators in parallel are 
described. 
The application of three-phase electromagnetic fields to 

motor operation is explained. You will learn about poly-
phase synchronous and induction motors. You will also 
learn about several types of single-phase motors, including 
shaded-pole, split-phase, capacitor, repulsion, repulsion-in-
duction, and universal motors. 
The generation and distribution of electrical power by 

three-phase systems along with the relationships of volt-
age, current, and power in both wye- and delta-connected 
systems are described. 
You will learn about devices used to convert electric power 

from one form to another (AC to DC, DC to DC of a dif-
ferent voltage, etc.). Finally, you will learn about servo 
control systems. Open and closed servo systems, servo-
motors, AC and DC servo amplifiers, and synchromecha-
nisms are included in this discussion. 

WHAT YOU SHOULD KNOW BEFORE YOU START 

Before you study this book, it is essential that you have 
a good background in the principles of electricity and elec-
tronics, including the fundamentals of tube and transistor 
circuits and test equipment. This background can be ob-
tained by studying the first four volumes of this series. 
With the proper background, however, you should have no 
trouble understanding this text. All new terms are care-
fully defined. Enough math is used to give precise inter-



pretation to important principles, but if you know how to 
add, subtract, multiply, and divide, the mathematical ex-
pressions will give you no trouble. 

WHY THE TEXT FORMAT WAS CHOSEN 

During the past few years, new concepts of learning have 
been developed under the common heading of programmed 
instruction. Although there are arguments for and against 
each of the several formats or styles of programmed text-
books, the value of programmed instruction itself has been 
proved to be sound. Most educators now seem to agree that 
the style of programming should be developed to fit the 
needs of teaching the particular subject. To help you pro-
gress successfully through this volume, a brief explanation 
of the programmed format follows. 
Each chapter is divided into small bits of information 

presented in a sequence that has proved best for learning 
purposes. Some of the information bits are very short—a 
single sentence in some cases. Others may include several 
paragraphs. The length of each presentation is determined 
by the nature of the concept being explained and the knowl-
edge the reader has gained up to that point. 
The text is designed around two-page segments. Facing 

pages include information on one or more concepts, complete 
with illustrations designed to clarify the word descriptions 
used. Self-testing questions are included in most of these 
two-page segments. Many of these questions are in the form 
of statements requiring that you fill in one or more missing 
words; other questions are either multiple-choice or simple 
essay types. Answers are given on the succeeding page, so 
you will have the opportunity to check the accuracy of your 
response and verify what you have or have not learned be-
fore proceeding. When you find that your answer to a ques-
tion does not agree with that given, you should restudy the 
information to determine why your answer was incorrect. 
As you can see, this method of question-answer program-
ming insures that you will advance through the text as 
quickly as you are able to absorb what has been presented. 
The beginning of each chapter features a preview of its 

contents, and a review of the important points is contained 



at the end of the chapter. The preview gives you an idea 
of the purpose of the chapter—what you can expect to learn. 
This helps to give practical meaning to the information as 
it is presented. The review at the completion of the chapter 
summarizes its content so that you can locate and restudy 
those areas which have escaped your full comprehension. 
And, just as important, the review is a definite aid to reten-
tion and recall of what you have learned. 

HOW YOU SHOULD STUDY THIS TEXT 

Naturally, good study habits are important. You should 
set aside a specific time each day to study in an area where 
you can concentrate without being disturbed. Select a time 
when you are at your mental peak, a period when you feel 
most alert. 
Here are a few pointers you will find helpful in getting 

the most out of this volume. 

1. Read each sentence carefully and deliberately. There 
are no unnecessary words or phrases ; each sentence pre-
sents or supports a thought which is important to your 
understanding of electricity and electronics. 

2. When you are referred to or come to an illustration, 
stop at the end of the sentence you are reading and 
study the illustration. Make sure you have a mental 
picture of its general content. Then continue reading, 
returning to the illustration each time a detailed 
examination is required. The drawings were especially 
planned to reinforce your understanding of the subject. 

3. At the bottom of most right-hand pages you will find 
one or more questions to be answered. Some of these 
contain "fill-in" blanks. Since more than one word might 
logically fill a given blank, the number of dashes indi-
cates the number of letters in the desired word. In 
answering the questions, it is important that you 
actually do so in writing, either in the book or on a 
separate sheet of paper. The physical act of writing 
the answers provides greater retention than merely 
thinking the answer. Writing will not become a chore 
since most of the required answers are short. 



4. Answer all questions in a section before turning the 
page to check the accuracy of your responses. Refer to 
any of the material you have read if you need help. If 
you don't know the answer even after a quick review 
of the related text, finish answering any remaining 
questions. If the answers to any questions you skipped 
still haven't come to you, turn the page and check the 
answer section. 

5. When you have answered a question incorrectly, return 
to the appropriate paragraph or page and restudy the 
material. Knowing the correct answer to a question is 
less important than understanding why it is correct. 
Each section of new material is based on previously 
presented information. If there is a weak link in this 
chain, the later material will be more difficult to 
understand. 

6. In some instances, the text describes certain principles 
in terms of the results of simple experiments. The in-
formation is presented so that you will gain knowledge 
whether you perform the experiments or not. However, 
you will gain a greater understanding of the subject if 
you do perform the suggested experiments. 

7. Carefully study the review, "What You Have Learned," 
at the end of each chapter. This review will help you 
gauge your knowledge of the information in the chapter 
and actually reinforce your knowledge. When you run 
across statements you don't completely understand, 
reread the sections relating to these statements, and 
recheck the questions and answers before going to the 
next chapter. 

This volume has been carefully planned to make the learn-
ing process as easy as possible. Naturally, a certain amount 
of effort on your part is required if you are to obtain the 
maximum benefit from the book. However, if you follow the 
pointers just given, your efforts will be well rewarded, and 
you will find that your study of electricity and electronics 
will be a pleasant and interesting experience. 
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1 
Understanding Basic 

Principles 

In this chapter you will 

What You learn about the basic 
principles of motors and 

Will Learn generators. You will learn 
how generators convert me-

chanical energy into electrical energy. You will find that 
generators can provide an AC or DC output depending 
on whether the generated current is taken from the gen-
erator through slip rings or a commutator. You will also 
learn how AC and DC motors convert electrical energy 
into mechanical energy. 

SOURCES OF ELECTRICITY 

Earlier you learned that electrical energy is usually sup-
plied by batteries or electrical power plants. Batteries are 
generally used where portability is desired and small 
amounts of current are needed. The voltage and current 
that can be developed by one cell are small. To increase the 
voltage, a number of cells must be connected in series. To 
increase the current capacity, either the cell must be made 
larger, or a number of cells must be connected in parallel. 
A battery that supplies both high current and high voltage 
is bulky and expensive. 
A voltage drop occurs when DC is transmitted over long 

distances, so batteries must be located near the place where 
the electrical energy is used. Batteries are usually used 
when a portable source of small values of DC is needed. 
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PRODUCTION OF ELECTRICAL ENERGY 

Large amount of electrical energy are usually supplied by 
generators in power plants. A generator is defined as a ma-
chine that converts mechanical energy into electrical energy. 
Mechanical energy is converted into electrical energy by 

induction. The following example shows how a voltage is 
generated by induction. Your hand supplies mechanical 
energy to move the coil, and the multimeter detects the 
electrical energy produced. 

GENERATING A VOLTAGE BY INDUCTION 

-- --.... 

, .• ,----
_..., 

L. 

-__ 

mo rio 

BAR MAGNET 

1 
WIRE 

MULTIMETER SET AT 
MOST SENSITIVE 
AMMETER SCALE 

If an electric conductor is moved through a magnetic field 
in such a way that it cuts the lines of force, a voltage is 
generated, or induced, in the conductor. The induced voltage 
is greatest when the conductor moves at right angles to the 
magnetic field, and is zero when the conductor moves par-
allel to the lines of force. 

If the moving conductor is connected to a complete elec-
tric circuit, an electric current will flow in the conductor and 
the circuit. This means that the mechanical energy used in 
moving the conductor through the magnetic field is converted 
into electrical energy which moves the current through the 
circuit. 
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Factors Determining Voltage 

The amount of voltage generated is determined by: ( 1) 
The speed at which the conductor passes through the mag. 
netic field. Greater speed causes the conductor to cut more 
lines of force per second. ( 2) The strength of the magnetic 
field. A stronger field provides more magnetic lines of force. 
(3) The number of loops of wire. Each additional loop of 
wire increases the number of conductors in which a voltage 
may be induced. Since the loops are in series, the generated 
voltages in each are additive. 
Conditions for Generating a Voltage 

Voltage is generated by induction when a conductor is 
moved through a magnetic field, or when a magnetic field 
moves in relation to a stationary conductor in the field. In 
other words, voltage is generated when a conductor and a 
magnetic field move relative to each other. 

In a generator the conductor can move, the field can move, 
or both can move. All of these possibilities as used in prac-
tical generators are discussed in this volume. 
The amount of voltage induced in a conductor by a mag-

netic field depends, among other factors, on the distance 
between the magnetic pole and the conductor. When the 
distance between the magnetic pole and the conductor de-

-........ 

FIELD STRENGTH 
IS GREATEST 
NEAR A POLE 

creases, the magnetic field through which the conductor is 
moving is stronger. The conductor then cuts through more 
magnetic lines of force per given distance of movement, and 
a higher voltage is produced. 

Ql. A generator converts mechanical energy into elec-
trical energy by the principle of   

Q2. The amount of voltage generated by induction in-
creases as the  between the conductor and 
the magnetic pole increases. 

Q3. Name three ways to generate an emf by induction. 
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Your Answers Should Be: 

Al. A generator converts mechanical energy into elec-
trical energy by the principle of induction. 

A2. The amount of voltage generated by induction in-
creases as the speed between the conductor and the 
magnetic pole increases. 

A3. Three ways to generate an emf by induction are: 

1. Moving a conductor through a stationary mag-
netic field. 

2. Moving a magnetic field past a stationary con-
ductor. 

3. Moving a magnetic field and a conductor relative 
to each other. 

Transmission of Mechanical Energy to the Generator 

Mechanical energy is usually transmitted to a generator 
by a shaft. When a coil, called the armature, is mounted on 
the shaft and the assembly is rotated in a magnetic field, 
an emf (voltage) is induced in the armature. 
Energy from waterfalls, wind, tides, or high-pressure 

steam can be used to turn a turbine that will rotate the 
shaft. A turbine is a machine that converts water or steam 
pressure into rotation of a shaft. 

WATER FAUCET e. 

SHAFT 

20 

TURBINE BLADES 

A 

SIMPLE 

TURBINE 



POWER-PLANT LOCATION 

The location of power plants depends on the availability 
of a plentiful source of energy that can be used to rotate 

the generator shaft. 
In steam power plants, high-pressure steam is directed 

against the blades of a turbine which rotates the generator 
shaft. Coal or oil is used to boil water and create the high-
pressure steam. This type of power plant requires large 
amounts of water, as well as fuel, in order to produce steam. 

Hydroelectric plants are located at the base of waterfalls 
or dams. Water flowing over the waterfall or released by 
the dam is directed against the turbine blades, causing the 

generator shaft to rotate. 

WHAT IS A MOTOR? 

Electrical energy produced by generators is used in many 
ways, but one of the most important is to turn motors that 
operate machinery and appliances. 
A motor is a machine that converts electrical energy into 

mechanical energy. This definition is the inverse of the 
definition of a generator 
When electrical energy is supplied to a motor, current 

flows through the armature. The current flow creates a mag-
netic field surrounding the armature. This field interacts 
with a stationary magnetic field. The interaction of the two 
magnetic fields creates a twisting force, or torque, that 

causes the shaft of the motor to rotate. 

Q4. Name three methods that are used to turn a gen-

erator shaft. 
Q5. When water or high-pressure steam is directed 

against the turbine blades, the generator shaft will 

Q6. What will happen if the force with which the water 
strikes the turbine blades is increased? 

Q7. A twisting force is called  

Q8. A motor is a machine that converts 
  into 

Q9. A water wheel is a simple example of a 
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Your Answers Should Be: 

A4. Some methods that are used to turn a generator 
shaft are: turbines turned by water or high-pres-
sure steam, windmills, and gasoline or diesel en-
gines. 

A5. When water or high-pressure steam is directed 
against the turbine blades, the generator shaft will 
rotate. 

A6. If the force with which the water strikes the tur-
bine blades is increased, the turbine will rotate at 
a higher speed. 

A7. A twisting force is called torque. 

A8. A motor is a machine that converts electrical 
energy into mechanical energy. 

A9. A water wheel is a simple example of a turbine. 

Converting Electrical Energy Into Mechanical Energy 

The following experiment demonstrates how forces are 
created in a motor. If you try the experiment, be careful 
not to close the switch until you are ready to observe the 
results. When you close the switch, you should do so for 
only a few seconds. This is because the battery is short-
circuited when the switch is closed. If the switch is not 

...._ _ 
y/  ,, BAR MAGNETS 

SWITC    .._.r...-.-.....' 

FIELD OF ,:  _---- — 
', •-._ CONDUCTOR HELD BETWEEN MAGNETS / / 
i % 

......,' e 

1 1/2 VOLT 
DRY CELL 

IWO FEET OF NO. 2b STRANDED, 
INSULATED COPPER WIRE 

SIMPLE 

MOTOR PRINCIPLE 
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reopened quickly, the battery will be drained of its electrical 
energy. When the switch is closed, the conductor should 
jump. When the switch is opened, the conductor should 
return to its original position. 
The conductor jumps from between the magnets when the 

switch is closed because a magnetic field is created by the 
flow of current through the conductor. The magnetic field 
around the conductor causes the main magnetic field to be 
strengthened on one side of the conductor and weakened on 
the other. This creates a force which pushes the wire away 
from the stronger part of the fielc. 

CONDUCTOR IN A MAGNETIC FIELD 
OPPOSING FIELDS 
CANCEL EACH OTHER 

DIRECTION 
OF FORCE 

FIELD OF 
CONDUCTOR 

••••• 

ELECTRON 
FLOW 

FIELDS IN SAME 
DIRECTION 

COMBINE TO GIVE A 
STRONGER FIELD 

FIELD OF MAGNETS 

The direction of the magnetic field surrounding the con-
ductor can be determined by applying the left-hand rule for 
straight conductors. Wrap the fingers of your left hand 
around the conductor so that your thumb points in the 
direction of electron flow through the conductor. Your fin-
gers then show the direction of the magnetic field surround-
ing the conductor. External magnetic fields are considered 
to flow from the north pole to the south pole. 

Q10. State the left-hand rule for straight conductors. 

Q11. The difference in the strength of the magnetic 
field above and below the conductor results in a 
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Your Answers Should Be: 

A10. The left-hand rule for straight conductors is ap-
plied by wrapping the fingers of your left hand 
around the conductor so that your thumb points 
in the direction of the electron flow. Your fingers 
then show the direction of the magnetic field sur-
rounding the conductor. 

All. The difference in the strength of the magnetic 
field above and below the conductor results in a 
force. 

What Is Torque? 

Torque (pronounced "tork") is a turning force. In a 
motor, the conductor is formed into a coil and placed on a 
shaft that is free to rotate. When current flows through the 
coil, a magnetic field is produced. This magnetic field around 
the coil reacts with the stationary magnetic field, develop-
ing a torque and causing the shaft to turn. 
Torque is calculated by multiplying the force times the 

distance from the center of rotation. The illustration below 
shows a two-foot ruler balanced at its center. When a force 

CALCULATION OF TORQUE 

of five pounds is applied to the right end of the ruler, the 
resulting torque is calculated as follows: 

Torque = Force >< Distance from center of rotation 
= 5 pounds >< 1 foot 
= 5 pound-feet 
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Shown below is a coil that is free to rotate in a magnetic 
field. The flow of current out of the left side of the coil 

PRODI'LTION OF Toteet• E 
RO TAU ON 

eee  <7 

causes the magnetic field below the conductor to be strength-
ened and the field above to be weakened. This results in an 
upward force on the left side of the coil and a clockwise 
direction of rotation. The flow of current into the right side 
of the coil causes the magnetic field below the conductor to 
be weakened and the field above to be strengthened. This 
results in a downward force on the right side of the coil and 
a clockwise rotation. 
The amount of torque generated depends on the strength 

of the two magnetic fields and on the distance of the sides 
of the coil from the center of rotation. The strength of the 
magnetic field around the coil depends on the number of 
turns in the coil, the current through the coil, the core 
material of the coil, etc. 

Q12. If the ruler shown on the opposite page were six 
feet long and a force of ten pounds were applied 
to the right end, how much torque would be de-
veloped? 

Q13. What factors determine the amount of torque on 
the coil shown in the figure on this page? 

Q14. What factors determine the strength of the mag-
netic field around the coil shown in the figure at 
the top of this page? 

Q15. Torque is calculated by multiplying times 
the from the center of rotation. 
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Your Answers Should Be: 

Al2. The torque developed is calculated as follows: 

Torque = Force X Distance from center of rota-
tion 

= 10 pounds x 3 feet = 30 pound-feet 

A13. The amount of torque on the coil shown on the 
preceding page is determined by the strength of 
the two magnetic fields and the distance of the 
sides of the coil from the center of rotation. 

A14. The strength of the magnetic field around the coil 
depends on the number of turns in the coil, the 
current through the coil, and the core material, etc. 

A15. Torque is calculated by multiplying force times 
the distance from the center of rotation. 

AC AND DC GENERATORS 

The output from the armature coil of any generator is an 
AC voltage. As the coil shown below rotates at constant 
speed, it cuts more or fewer magnetic lines of force per sec-

FIRST SECOND THIRD FOURTH 
1/4 114 1/4 114 

CYCLE CYCLE CYCLE CYCLE 

VOLTAGE I 
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ond, depending on its position at any particular instant. 
When it is moving at right angles to the magnetic field, it 
is cutting a maximum number of lines of force per second. 
Therefore, the voltage induced in the coil increases until, 
when the coil is moving at right angles to the field, the 
voltage is maximum. Then, as the coil continues to rotate, 
it cuts fewer and fewer lines of force per second until it is 
moving parallel to the magnetic field. At that point, no 
voltage is induced. In the third quarter cycle, the conductor 
cuts the lines of force in the opposite direction, so the in-
duced voltage has the opposite polarity and again rises to 
a maximum. In the fourth quarter cycle, the voltage again 
decreases to zero. 

LEFT-HAND RULE FOR GENERATORS 
POINT THUMB IN DIRECTION OF 
MOTION OF CONDUCTOR 

.1, POINT INDEX FINGER _ 
IN DIRECTION OF FIELD 

MIDDLE FINGER SHOWS 
DIRECTION OF ELECTRON FLOW 

CONDUCTOR 

The left-hand rule for generators is shown above. This is 
an easy way of remembering the relationship between the 
direction of the magnetic field, the direction of motion of 
the conductor, and the direction of the induced current. 

In a generator, the shaft rotation determines the direction 
that the conductor moves. The direction of the magnetic 
lines of force is from the north pole to the south pole. If 
the polarity of a magnet is unknown, it can be determined 
by using a compass. The south end of the compass needle 
will point to the north pole of the magnet. 

Q16. A(an) voltage is induced in a rotating gener-
ator coil. 

Q17. Describe the left-hand rule for generators. 
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Your Answers Should Be: 

A16. An AC voltage is induced in a rotating generator 
coil. 

A17. In the left-hand generator rule, the thumb, index 
finger, and middle finger of the left hand are held 
at right angles to each other. The thumb is made 
to point in the direction of motion of the con-
ductor, and the index finger is made to point in the 
direction of the magnetic field. The middle finger 
will then point in the direction of electron flow. 

The AC Generator 

The output from the armature coils of any generator is 
AC. In order to take the AC output of the generator from 

elhIPLIE Mc sOMEGMOG3 

ARMATURE COIL 

SLIP RINGS 
TURN WITH 
ARMATURE 

S 

BRUSHES 

EXTERNAL LOAD 

the armature coils, the ends of the coils are connected to 
slip rings which rotate with the armature. Stationary con-
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ductors called brushes provide a sliding contact on the rotat-
ing slip rings. In this way, the brushes and slip rings pro-
vide a connection between the armature coils in the gener-
ator and any external load that is being furnished power by 
the generator. 

The DC Generator 

In a DC generator, the AC output of the armature coils 
is converted to pulsating DC by the use of a commutator in 
the place of slip rings. The output of a basic DC generator 
is shown in the figure below. This pulsating DC output is 

OUTPUT OF A BASIC DC GENERATOR 

o ÇO° 18G° 270° 

ANGLE OF ROTATION 

obtained because the connections to the armature coil are 
reversed every half cycle when the voltage is zero and is 
about to change polarity. 

Q18. In an AC generator   are used to 
take the output of the generator from the coils. 

Q19  are used to make a sliding contact on 
the rotating slip rings. 

Q20. In a DC generator a   is used to 
convert the AC output of the armature coils into 
pulsating DC. 
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Your Answers Should Be: 

A18. In an AC generator slip rings are used to take the 
output of the generator from the coils. 

A19. Brushes are used to make a sliding contact on the 
rotating slip rings. 

A20. In a DC generator a commutator is used to con-
vert the AC output of the armature coils into pul-
sating DC. 

What Is a Commutator? 

A basic commutator is simply a slip ring split into two 
semicircular halves, called segments. The segments are in-
sulated from each other and from the shaft. One end of the 
armature coil is connected to one segment and the other end 

sete commere,neef  

BRUSH 

SEGMENT 

SEGMENT BRUSH 

of the coil is connected to the other segment. Two brushes 
touch opposite sides of the commutator. As the commutator 
turns, the two sides of the coil are short-circuited for a 
moment as the brushes touch both segments of the com-
mutator at once. Then the connections are reversed. 

If the armature coil is short-circuited by the brushes while 
an emf is being induced in the coil, a heavy current will flow 
in the armature coil. This is because the circuit formed by 
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the coil and the brushes has a very low resistance. This 
excessive current may cause serious damage to the armature 

COIL SHORT-CIRCUITED BY BRUSHES 

coils. Also, if the commutator of a DC generator is not ad-
justed to reverse the armature coil connections at the mo-
ment when the induced emf is zero, the output of the gen-
erator will not be DC. Instead, it will be AC as shown in 
the figure below. 

GENERATOR OUTPUT WHEN SWITCHING OCCURS 

AT THE WRONG TIME 

SUDDEN REVERSAL OF POLARITY 
AS CONNECTIONS ARE REVERSED 

Q21. At what point in the AC cycle should the com-
mutator reverse the coil connections? 

Q22. Give two reasons why proper adjustment of a 
commutator is important. 
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Your Answers Should Be: 

A21. The commutator should reverse the coil connec-
tions when the induced emf is zero. 

A22. If the commutator is not properly adjusted, the 
generator coils may be damaged by a heavy cur-
rent through the short circuit created when the 
brushes touch both segments. Also, the output of 
the generator will not be pure DC, but will reverse 
polarity periodically. 

DC MOTORS 

DC motors also have commutators. In fact, a basic DC 
generator can also act as a DC motor. When a DC current 
passes through the coil, the current creates a magnetic field. 
The north pole of the coil is attracted to the south pole of 
the outside magnetic field, and the south pole of the coil to 
the north pole of the outside field. Thus, the coil rotates. 

COMMUTATOR 

BRUSHES 

MAGNETIC FIELD OF COIL 

De MOTOR 

You can analyze the magnetic forces acting on the simple 
coil by using the left-hand rule for straight conductors. The 
figure above shows the field around the coil. 
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When the coil reaches the position shown in the figure 
below, the brushes touch both commutator segments at the 
same time. No current flows in the coil, and there is no 
turning force on the coil. However, the coil is turning and 

MOTOR COIL AT DEAD CENTER 

its inertia, tending to keep it turning, carries it past dead 
center. As the coil rotates past dead center, the commutator 
reverses the direction of current flow through the coil. The 
polarity of the magnetic field around the coil is reversed, 
and the pole of the coil next to the south pole of the external 
field now becomes the south pole of the coil. The new south 
pole of the coil is now attracted toward the north pole of 
the external field, so the coil keeps on rotating. The same 
switching process is repeated when the coil has rotated 
another 180°. 

In the figure above, the commutator causes a momentary 
short circuit across the power source when the coil is at 
dead center. You can see why this simple commutator-brush 
arrangement is not used in practical motors. The basic prin-
ciple of all commutators is the same, however. As you have 
seen, the commutator in a DC motor converts the DC power 
supplied to the motor into AC for the armature coil. 

Q23. Would the motor just described rotate if you sup-
plied AC to the coil through slip rings? 

Q24. The commutator in a DC motor changes DC into 

Q25. There is no magnetic field developed around the 
coil when it is at   
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Your Answers Should Be: 

A23. Yes. If the motor is supplied with AC, it does not 
need a commutator. 

A24. The commutator in a DC motor changes DC into 
AC. 

A25. There is no magnetic field developed around the 
coil when it is at dead center. 

WHAT YOU HAVE LEARNED 

1. A generator is a machine that converts mechanical 
energy into electrical energy by induction. 

2. For induction to occur there must either be a conductor 
moving in a stationary magnetic field, a moving mag-
netic field surrounding a stationary conductor, or a mov-
ing magnetic field containing a moving conductor. 

3. The strength of the induced emf depends on how fast 
magnetic lines are being cut by conductors, the strength 
of the magnetic field, the number of conductors in 
which an emf is being induced, and the distance between 
the source of the magnetic field and the conductor. 

4. The direction of the induced emf depends on the direc-
tion of motion of the conductor and the direction of the 
field through which it is moving. 

5. AC is generated in the armature coils of all generators. 

6. The output of a generator will be AC if the output of 
the rotating armature coils is removed through slip 
rings and brushes. 

7. The output of a generator will be DC if the output of 
the rotating armature coils is removed through a com-
mutator and brushes. 

8. Motors are machines that convert electrical energy into 
mechanical energy. 

9. A DC motor is supplied with DC voltage and current 
which is converted into AC by the commutator for use 
in the armature coils. 

10. An AC motor does not need a commutator. 
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2 
DC Generators 

In this chapter you will 
What You learn about DC generator 

construction. You will 
Will Learn learn to recognize each part 

and to know its function. 
You will be able to recognize effects within the gener-
ator that waste power, and how to minimize them. You 
will also learn the characteristics of the various kinds 
of DC generators. 

CONSTRUCTION 

The major parts of a DC generator are the frame, end 
bells, pole pieces, shaft, armature assembly, commutator 
assembly, and brush assembly. The illustration below shows 
the construction of a DC generator. 

COMMUTATOR 

BRUSH 
N POLE 

PIECE 

FIELD COIL 

SHAFT 

ARMATURE 
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Frame (Yoke) 

The frame, or yoke, supports the generator. The frames of 
most modern generators are constructed of steel because this 
metal is an excellent conductor of magnetic lines of force. 
When the magnetic circuit is completed through a good mag-
netic conductor, as shown below, the field between the poles 
is stronger. 

MAGNETIC PATH IN A GENERATOR FRAME 
FRAME 

POLE PIECE 

MAGNETIC PATH 

At one time, most generator frames were made of cast 
iron. Cast iron is heavier than steel and has a poorer per-
meability (ability to conduct magnetic lines of force), so it 
is used less frequently now. The frames of large generators 
are made of steel castings ; those of smaller generators are 
made of rolled sheet steel. The frame of the generator also 
includes a base or mounting brackets. 
There are three types of frames: open, semiclosed, and 

closed. An open frame has the ends open so that air can 
circulate freely through it. A semiclosed frame has a wire 
screen or a metal grille in its end bells to prevent foreign 
matter from entering the machine. A closed frame has solid 
end bells, and the machine is airtight. 

Pole Pieces 

The pole pieces (also called pole shoes) of a generator are 
always used in pairs and are bolted to the frame. They sup-
port the field windings which are used to produce a north 
pole facing the armature on one side, and a south pole 
directly opposite on the other side. 
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ARRANGEMENT 

OF TWO 

GENERATOR 

POLES 

More than one pair of poles are sometimes used in order 
to produce a stronger magnetic field. When this is done, 
opposite poles are always next to each other. You can see 
from the following illustration how this arrangement creates 
the strongest magnetic field through the armature. 

ARRANGEMENT OF FOUR GENERATOR 
POLES 

STRONG FIELD THROUGH ARMATURE 

NO CURRENT GENERATED 
WHEN COIL PASSES 
THROUGH THIS 

AREA 

CORRECT 
ARRANGEMENT 

Ql. The permeability of a material refers to how 
well the material conducts  

FIELDS REPEL 
EACH OTHER - 
LESS FIELD 
THROUGH 
ARMATURE 

Q2. Magnetic pole pieces are placed in a generator so 
that poles of ( the same, opposite) polarity are next 
to each other. 
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Your Answers Should Be: 

Al. The permeability of a material refers to how well 
the material conducts magnetic lines of force. 

A2. Magnetic pole pieces are placed in a generator so 
that poles of opposite polarity are next to each 
other. 

End Bells and Bearings 

The end bells are bolted to each end of the frame and con-
tain the bearings that support the armature shaft. The 
three types of bearings most commonly used in generators 
are: ring-oiled (sleeve), yarn-packed, and ball bearings. 
The ring-oiled, or sleeve, bearing contains an oil ring that 

rides on the shaft. As the shaft turns, oil is carried from a 
reservoir to the top of the shaft for distribution to the bear-
ing surface. 
The yarn-packed bearing consists of a bundle of wool yarn 

looped on the armature shaft. Both ends of the yarn loop 
are in the oil reservoir. Oil soaks into the yarn and lubri-
cates the revolving shaft. 
Both oil-ring and yarn-packed bearings are provided with 

oil seals at each end of the bearing in order to prevent oil 
from escaping and causing damage to the parts of the gen-
erator carrying electricity. 

Ball bearings may be either the open or closed type and 
are packed with their own grease or lubricant. This type 
of bearing contains an outer ring, or race, and an inner ring. 
The outer ring does not move and is firmly held in position 
by the frame. The inner race rotates with the turning shaft. 
Between the inner and outer races are a number of very 
finely machined steel balls packed in grease. This arrange-
ment provides an almost friction-free rotation of the inner 
race while the outer race is stationary. 

Armature and Commutator 

As you learned in Chapter 1, the commutator used with a 
single coil produces a pulsating DC output. By using more 
coils and combining their output, a smoother waveform can 
be obtained. 
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When a second coil is added to the armature and placed 
perpendicular to the first coil, the resulting output will be 
as shown below. 

OUTPUT OF A TWO-COIL DC GENERATOR 

COIL 2 

COIL ARRANGEMENT 

COIL 2 
OUPUT 

COIL 1 GENERATOR 
OUTPUT OUTPUT 

OUTPUT WAVEFORM 

COMMUTATOR 
CONNECTS OUTPUT 
TO OTHER CM 

1350 1800 2250 2700 3150 3600 

Notice that an emf is induced at all times. Although the 
DC still pulsates, the output is smoother. In practical gen-
erators, many coils are added to the armature to produce a 

still smoother DC output. 

Q3. Which type of bearing is usually lubricated with 
grease rather than oil? 

Q4. A generator using two coils ( does, does not) have a 
smoother output than one using one coil. 
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Your Answers Should Be: 

A3. Ball bearings are usually lubricated with grease 
rather than oil. 

A4. A generator using two coils does have a smoother 
output than one using one coil. 

Commutator Connections 

Each armature coil in a DC generator is connected to two 
commutator segments, one segment for each end of the coil. 
A generator with many coils will also have many commutator 
segments. 

In a practical commutator, the segments are usually made 
of copper. Mica is used to insulate the commutator segments 
from each other and from the commutator sleeve. The ends 
of the armature coils are connected to the raised portions of 

METAL 
RING 

BRUSHES 
RI DE HERE 

MICA COPPER 
INSULATION BAR 

RISER 

METAL 
SLEEVE CleS5 SECTOOM 

OF e, 

COMAII9UVICA 

the segments. The raised part of the segment is called a 
riser and is slotted to hold the coil ends. The brushes ride 
on the lower portions of the commutator segments. 

Brush Assembly 

The brush assembly shown in the illustration on the oppo-
site page consists of the brush, brush holder, adjustable 
brush-holder springs, and pigtailed connections. 

In normal operation, both the commutator segments and 
the brushes wear. The adjustable brush-holder spring allows 
the brush pressure on the commutator to be adjusted to 
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compensate for this wear. The spring should apply only 
enough pressure to make a good connection between brush 
and commutator. 
The pigtailed connections are braided copper wires that 

provide a low-resistance and flexible connection between the 
brush and the brush holder. 

BRUSH ASSEMBLY 

PIGTAIL LEAD 

BRUSH -

ARM ATTACHED 
TO SPRING 

MOUNTING 
HOLE 

SPRING 
- HOUSING 

COMPLETE ASSEMBLY 

PIGTAIL 
LEAD 

BRUSH 

Btu .sit 

Brush Materials 

The type and operating conditions of a generator deter-
mine the material used for brushes. Graphite brushes are 
easily distinguished by their silvery appearance and soft, 
flaky texture. This type of brush is for general-purpose use. 
Carbon brushes are used on generators that have both low 
rotation speeds and low current output. 

Electrographitic brushes are made from the same material 
as carbon brushes but are processed at high temperatures in 
an electric furnace. This process increases the ability of the 
brush to conduct both electrical and heat energy. These 
brushes are nonabrasive and cooler running. They have 
very low friction and a higher current capacity than carbon 
brushes. 
Copper-graphite brushes are made from a mixture of pow-

dered copper and powdered graphite pressed together and 
baked at low temperatures. This type of brush is used on 
low-voltage generators. 

Q5. Normal wear of the commutator segments and the 
brushes of a generator is adjusted with the  

Q6.   brushes are used in low-
voltage generators. 
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Your Answers Should Be: 

A5. Normal wear of the commutator segments and the 
brushes of a generator is adjusted with the brush-
holder spring. 

A6. Copper-graphite brushes are used in low-voltage 
generators. 

THE ARMATURE CORE 

Armature coils are wound on cores of either the Gramme-
ring or drum type. The Gramme-ring armature core is an 
older type and is usually not found on newer machines. 

Gramme Ring 

In a Gramme-ring armature, the windings are wound on 
the surface of an iron or steel ring. The armature wind-
ing is tapped at regular intervals for connection to the 
commutator. 

6MMilMg-1;30N6 
MIMATME 

FIRST SECOND THIRD FOURTH 
1/4 114 1/4 1/4 

CYCLE CYCLE CYCLE CYCLE 

VOLTAGE I 

Since the armature windings of the Gramme-ring core are 
wound on the surface of the core, the distance between the 
core and the pole pieces must be great enough that there 
is no danger of the armature windings touching the pole 
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pieces. This causes a reduction in the strength of the mag-
netic field. The weakened field results in reduced output 
from the generator. 
The Gramme-ring core offers a lower reluctance (magnetic 

equivalent of resistance) to the lines of force than the air 
gap inside the ring. The magnetic lines of force follow the 
circular path of the core and do not cross the center air gap. 
Thus they are not cut by the conductors on the inside sur-
face of the core and, therefore, do not induce an emf in 

these conductors. 
For these and other reasons the Gramme-ring armature 

is rarely used. Nearly all modern DC generators use drum-
type armatures. 

Drum 
The drum armature core is newer and more efficient. Coils 

are placed in slots and are generally a fraction of an inch 
below the outer surface of the core. This type of construc-
tion and coil placement eliminate,' the danger of the arma-

DRUM ARMATURE CORE 
SHAFT 

SLOTS FOR 
COILS 

COMMUTATOR 

ture coils rubbing against the pole pieces while the armature 

is rotating. 

Q7. What are two disadvantages of the Gramme-ring 

armature? 
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Your Answer Should Be: 

A7. The Gramme-ring armature core must be kept 
farther from the pole pieces than the drum type. 
This results in reduced magnetic field strength. 
Only the parts of the conductors on the outside of 
the core have voltages induced in them. 

Advantages of the Drum Armature Core 

One of the advantages of the drum armature core is that 
a smaller air gap exists between the armature and the pole 
pieces. The smaller air gap permits the armature coils to 
cut through a magnetic field of greater density, and thus a 
greater emf is induced in the armature coils. 

Since the drum armature core is more compact than the 
Gramme-ring armature core, the drum armature can be 
rotated at a higher speed, thus producing a greater emf. 

THE ARMATURE COIL 

The coils used on drum armature cores are usually pre-
formed. That is, they are wound in their final shape before 
being put on the armature. 
The sides of the preformed coil are placed in the slots of 

the drum armature core. The two slots for each coil are 
usually the same distance apart as adjacent magnetic poles. 
This distance is called the pole pitch, or pole span. As you 
recall, adjacent magnetic poles are of opposite polarity, so 
that the emf induced in one side of the armature coil is 
reinforced by the emf induced by the opposite pole on the 
second side of the armature coil. 

Reefeerf 
cone 



Sometimes the distance between the two sides of an arma-
ture coil is not equal to the distance between the adjacent 
magnetic poles. When this distance is less than the pole 
pitch, the coil is called a fractional-pitch winding. 

Fractional-pitch windings are used when it is necessary 
to save copper. The emf induced in a fractional-pitch coil 
is not as great as the emf induced in a coil whose pitch is 
equal to the pole pitch. This is because the voltages induced 
in the two coil sides do not reach their maximum values at 
the same time. 

Lap and Wave Windings 

There are two ways the coils can be connected—lap wind-
ing and wave winding. In a simplex lap winding, the ends 
of each coil are connected to adjacent commutator segments. 
In this way, all the coils are connected in series. This is 

shown in the figure below. 

SIMPLEX LAP WINDING 

COILS 

ARMATURE 
CORE 

(18. What are some advantages of the drum armature 
core? 
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Your Answer Should Be: 

A8. The drum armature core makes possible a smaller 
air gap. The drum armature can be rotated at a 
higher speed than the Gramme-ring type. Both 
these effects make possible a higher induced volt-
age. 

In a duplex lap winding, there are in effect two separate 
sets of coils, each set connected in series. The two sets of 
coils are connected to each other only by the brushes. 

DUPLEX LAP WINDING 

Similarly, a triplex lap winding is in effect three separate 
sets of series-connected coils. In a simplex lap winding, a 
single brush shorts the two ends of a single coil. 

In a wave winding, the ends of each coil are connected to 
commutator segments two pole spans apart. Instead of 
shorting a single coil, a brush will short a small group of 
coils in series. There will be as many coils in the group as 
there are pairs of magnetic poles. 
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The figure below shows part of a wave winding. 

The Neutral Plane 

The area in the generator where no emf can be induced in 
an armature coil is called the commutating, or neutral, plane. 
This plane is midway between adjacent north and south 
field poles (somewhat shifted from this position under load). 
In this plane the moving armature coils cut no lines of 
force and so generate no voltage. The brushes are always 
set so that they short-circuit the armature coils passing 
through the neutral plane while, at the same time, the out-
put is taken from the other coils. 

Q9. In a wave winding, the coil ends are connected to 
commutator bars two apart. 

Q10. Of what does a duplex winding consist? 
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Your Answers Should Be: 

A9. In a wave winding the coil ends are connected to 
commutator bars two pole spans apart. 

A10. A duplex winding consists of two separate sets of 
coils. 

Commutator Output 

While the brush is short-circuiting one armature coil, it is 
receiving the emf and current induced in the other armature 
coils. This is accomplished by connecting one end of two 
different coils to the same commutator segment. 

BRUSH-COMMUTATOR 1 
COILS MOVING 

ACTION IN A PARALLEL TO 
LINES OF FORCE 

NEUTRAL 
PLANE SIMPLEX-LAP 

ARMATURE 

The illustration above shows an armature with 22 coils 
connected to 22 commutator segments. There are two 
brushes. The positive brush is short-circuiting armature coil 
11 while the negative brush is short-circuiting armature 
coil 22. There is no emf being induced in either of these 
coils. The two coil groups, 1 through 10 and 12 through 21, 
are connected in parallel by the brushes. This is possible 
because the voltages in both coil groups have the same polar-
ity. The brushes also connect the generated emf to the load. 
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POLE PIECES 

Permanent magnets can only produce magnetic fields of 
limited strength and are used mainly in small generators 
called magnetos. Most generators use electromagnets to 
produce the magnetic field. Electromagnets consist of a 
metal core with a coil of wire wrapped around it. 

CORE 

ELECUOUnAtin 

COIL 

ELECTRON 
FLOW 

When a current flows through the coil, a magnetic field is 
produced around the coil. If the core conducts the magnetic 
lines of force easily, it becomes a temporary magnet when 
current flows through the coil. The current supplied to an 
electromagnet is DC, since AC would cause the polarity to 
constantly change. 
To find the polarity of the core when current is flowing 

through a coil, imagine that you wrap the fingers of your 
left hand around the coil in the direction of the electron 
flow through the turns. Your thumb then points to the 
north pole of the core. 
The electromagnetic poles are mounted on the frame of a 

DC generator. This enables the frame to complete the mag-
netic circuit. 

Q11. The magnetic field of most electromagnets is 
(stronger, weaker) than the magnetic field of a 
permanent magnet. 

Q12. Why is there no large flow of current in a gener-
ator coil shorted by a brush? 
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Your Answers Should Be: 

All. The magnetic field of most electromagnets is 
stronger than the magnetic field of a permanent 
magnet. 

Al2. There is no large flow of current in a generator 
coil when shorted by a brush because, by proper 
adjustment, no emf is induced in the coil during 
that time. 

THE SEPARATELY EXCITED GENERATOR 

The current for the electromagnetic field of a generator 
may be generated by a separate source of DC. This source 
could be a battery or a separate DC generator. With either 
source, the generator is said to be separately excited. 

SEPARATELY EXCITED GENERATOR 
imam 

6V 

S. P. S. T. 
SW I TCH • 

Mae Mml> 

FIELD RHEOSTAT FIELD COIL 

Notice that the separately excited magnetic-field circuit 
is completely independent of the generator circuit. The 
strength of the externally excited magnetic field depends 
directly on the amount of current supplied by the external 
DC source. A rheostat is used to vary the strength of the 
magnetic field. This provides a very sensitive control of the 
generator output. 

I LINE 
SWITCH 
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THE SELF-EXCITED GENERATOR 

The current for the electromagnetic field of a DC gener-
ator may be developed in the armature coils of the generator 
itself. The current is taken from the commutator by the 
brushes and then fed to the field coils. The three types of 
circuits used to feed current to the field coils are the series, 

shunt, and compound. 
The electromagnetic field of a self-excited DC generator 

depends on current induced in the armature coils of the 
generator by an electromagnetic field. Since a field is re-
quired to produce current, how can a self-excited DC gen-

erator build up a voltage? 
An electromagnet has a small amount of magnetism even 

when the electromagnetic coil is not energized. This small 
amount of magnetism is called residual magnetism. Usually, 
the residual magnetism in the electromagnetic core is strong 
enough that a weak voltage is induced in the armature coils. 
This voltage causes a small amount of current to flow in 
the field windings. The current causes the magnetic field 
to increase. This increases the voltage which again increases 
the current, and so on. In this way the generator voltage 
builds up to its maximum value. This process is called 

building up. 
When there is not enough residual magnetism in the field 

core, the generator will not build up. In this case the elec-
tromagnetic field must be excited temporarily from an exter-
nal DC source. This is called flashing the field. Reversing 
the connections to the field windings can also cause a gen-

erator to fail to build up. 

Q13. A generator that has a separate source of current 
for its field windings is said to be  

Q14. A   is used to control the amount of 
current flowing in the field winding. 

Q15. A rheostat provides ( poor, sensitive) control of 
the output of a generator. 

Q16. The small amount of magnetism that remains in 
the core of an electromagnet when the current is 

removed is called   
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Your Answers Should Be: 

A13. A generator that has a separate source of current 
for its field windings is said to be separately 
excited. 

A14. A rheostat is used to control the amount of cur-
rent flowing in the field winding. 

A15. A rheostat provides sensitive control of the out-
put of a generator. 

A16. The small amount of magnetism that remains in 
the core of an electromagnet when the current is 
removed is called residual magnetism. 

The Series Generator 

In a series generator the field windings, armature wind-
ings, commutator, brushes, and the external load are all 
connected in series. In order for a self-excited series gen-
erator to produce voltage, the external load must be con-
nected. Without the external load connected, the series 
circuit is incomplete, and the small generator voltage is due 
only to residual magnetism. 

A SERIES GENERATOR 

SERIES 
FIELD 

ARMATURE AND 
COMMUTATOR 

SERIES 
FIELD 

4nm 

EXTERNAL LOAD 

LINE SW ITCH 

The Shunt Generator 

The shunt generator is connected as a parallel (shunt) 
circuit. The parallel circuit is used to provide separate paths 
for supplying current to the electromagnetic field and to the 
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external load. In the shunt generator, the DC current in-
duced in the armature coils is taken from the commutator 
by the brushes. From the brushes, part of the current is 
supplied to the electromagnetic field windings, while the 
main current flow is delivered to the external load. 

A SHUNT GENERATOR 
SHUNT FIELD SHUNT 
RHEOSTAT FIELD 

SHUNT 
FIELD 

ImM•11> 

LINE SWITCH 

Building up in a self-excited shunt generator does not re-
quire that the external load be connected to the generator 
because the current supplied to the electromagnetic field 
does not flow through the external load. This means the 
generator can be started, and the full strength of the mag-
netic field and the induced emf reached before the external 

load is connected. 

Q17. How will an increase in the current drawn by the 
load affect the current through the field coils of a 

series generator? 
Q18. What will be the effect of varying the resistance 

of the shunt-field rheostat? 
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Your Answers Should Be: 

A17. An increase in load current will increase the cur-
rent through the field coils, which tends to in-
crease the output voltage. 

A18. Varying the resistance of the shunt-field rheostat 
will vary the strength of the magnetic field and 
therefore the output voltage of the generator. 

The Compound Generator 

A compound generator is a combination of both a series 
and shunt generator. It has a series field winding on the 
pole pieces along with a shunt field winding. The total field 
strength will thus be increased or decreased as the load 
increases or decreases. 

LONG-SHUNT COMPOUND GENERATOR 
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54 

LINE SWITCH 



In a long-shunt compound generator, the shunt field wind-
ing is connected to the ends of the series field windings away 
from the armature. In a short-shunt compound generator, 
the ends of the shunt field winding are connected between 
the series field windings and the armature. 

SHORT-SHUNT COMPOUND GENERATOR 
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There is no difference between the short- and long-shunt 
compound generators as far as the operation and output are 
concerned. The only difference is in the point where the 

series field is connected. 

Q19. Compound-generator pole pieces have both 
 and   field windings. 

Q20. Name the three types of circuits used to supply 
current to the field of a self-excited generator. 
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Your Answers Should Be: 

A19. Compound-generator pole pieces have both series 
and shunt field windings. 

A20. Series, shunt, or compound circuits may be used 
to supply current to the electromagnetic field of a 
self-excited DC generator. 

GENERATOR LOSSES 

There are several effects that take place within a gener-
ator. It is necessary to know how these effects are created 
and how they are corrected in order to maintain electrical 
equipment in top operating condition. These effects include 
copper loss, eddy currents, and hysteresis loss. 

Copper Loss 

Copper loss is due to the resistance of the copper wire 
used in the armature coils. As current flows through the 
resistance of the armature coils, there is an PR (power) 
loss. 
When current flows through any metal, heat is produced. 

The resistance of metals increases when their temperature 
increases. Current flowing through the armature windings 
causes the resistance of the windings to increase. For ex-
ample, if the no-load temperature of an armature winding 
is 68°F and the full-load temperature is 122°F, the resist-
ance of the armature winding will increase by about 20(A 
when the temperature rises to the full-load value. 
Most generators are constant-voltage devices. The current 

induced in the armature windings depends on the demands 
of the external load. As the current demand varies, the 
copper loss in the armature will vary also. 

Eddy Currents 

When the conductors of the armature coils rotate through 
the magnetic field, an emf is induced. Current is caused to 
flow in the armature coils as determined by the require-
ments of the external load. 
The armature core is also a conductor and rotates in the 

same magnetic field. Therefore, an emf and current are pro-

56 



duced in the armature core. These are called eddy currents. 
The power used in generating eddy currents comes from 

the generator power source and represents a loss of output 
power. This is because it is power taken from the power 
source but not converted into the desired output ; it lowers 
the efficiency of the generator. (Besides being a waste of 
power, this energy results in undesirable heating of the 
iron.) Eddy currents are reduced by laminating the core. 
That is, the core is made of a number of thin layers of 
metal, all insulated from each other. Lamination reduces the 
length of the conductor in which the eddy currents flow and 
therefore reduces the amount of PR (power) loss in the 
armature core. 

Hysteresis Loss 

Hysteresis loss is a heat loss due to the magnetic proper-
ties of the armature. This also is a power loss since this 
energy, too, is taken from the prime mover. When the arma-
ture core is rotating, the magnetic particles of the core tend 
to line up with the magnetic field. Since the core is rotat-
ing, the magnetic field keeps changing direction. The move-
ment of the magnetic particles as they keep trying to align 
themselves produces friction which, in turn, produces heat. 
This heat result in an increase in armature resistance and 
an additional copper loss. Hysteresis loss varies with the 
speed of the armature and the amount and type of iron in 
the core. 
To limit hysteresis loss, an armature-core material is used 

in which the magnetic particles line up with the constantly 
changing direction of the magnetic field with relative ease. 
The most commonly used material is dynamo sheet steel. 
Using this material reduces the hysteresis loss but does not 
eliminate it completely. 

Q21. What two types of power loss are limited by con-
structing an armature core of dynamo sheet-steel 
laminations? 

Q22. What happens to the temperature of the armature 
as the load increases? 

Q23. What effect will this change in temperature have 
on copper loss in the generator? 
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Your Answers Should Be: 

A21. Eddy-current and hysteresis losses are limited by 
constructing armature cores of dynamo sheet 
steel. 

A22. As the load increases, the temperature of the 
armature will increase. 

A23. An increase in temperature will increase the 
resistance of the armature coils and therefore 
increase the copper loss. 

ARMATURE REACTION 

Armature reaction is the result of the magnetic field sur-
rounding the armature due to the electric current flowing 
through the armature coils. This field acts on the main 
magnetic field of the generator and distorts it. This effect 
is called cross magnetization. It only occurs when current is 
flowing through the armature. 

Distortion of Magnetic Field 

No Armature Reaction With Armature Reaction 

You have learned that the best place to take the output 
from an armature is from commutator bars in the neutral, 
or commutating, plane. When there is no current flowing 
through the armature, the neutral plane is at right angles 
to the main generator field. With armature current flowing, 
the distorted magnetic field due to cross-magnetization will 
cause the neutral plane to shift to a new position. The posi-
tion of the neutral plane will shift with every change in 
current flow in the armature. 

Identifying and Correcting Armature Reaction 

When sparking occurs between the commutator and 
brushes, you should suspect armature reaction. The neutral 
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plane may be found by moving the brushes on the commu-
tator until sparking stops. The neutral plane will, of course, 
shift each time the current changes. 
One way of compensating for armature reaction is to 

cancel the armature field with an opposing magnetic field. 
Interpoles and compensating windings operate on this 

principle. 

Interpoles 

Interpoles, or commutating poles, are narrow auxiliary 
poles located midway between adjacent main magnetic poles. 
Interpoles tend to neutralize the armature reaction created 
by the magnetic field of the armature. This effect takes 
place only within the area of the interpole magnetic field. 

SHUNT-FIELD GENERATOR WITH INTERPOLES 

Interpole windings are connected in series with the arma-
ture windings and are wound in such a direction that the 
polarity of the interpole always has the same polarity as the 
nearest main-field pole in the direction of rotation. 

Q24. What causes armature reaction? 

Q25. What symptom indicates armature reaction? 
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Your Answers Should Be: 

A24. Armature reaction is caused by the magnetic field 
around the armature due to the flow of armature 
current. 

A25. The symptom of armature reaction is sparking 
between the commutator and brushes. 

Compensating Windings 

When a generator must operate at high efficiency under 
varying external load demands, compensating windings are 
used. The compensating windings are normally embedded 

LOCATION OF COMPENSATING WINDINGS 
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in the faces of the pole pieces. They are connected in series 
with the armature coils, like interpoles, but are wound in 
the opposite direction from the armature coils. The field 
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of the compensating windings completely cancels the field of 
the armature that would tend to distort the main field of 
the generator. 
Compensating windings are a very efficient but expensive 

method for eliminating armature reaction. The use of com-
pensating windings is limited almost exclusively by their 
high cost. 

SHUNT-FIELD DC GENERATOR WITH 

COMPENSATING WINDINGS 

SHUNT-FIELD 
/ COIL 
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WINDING WINDING 
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Motor Reaction in a Generator 

When current flows in the armature coils, a generator will 
tend to act as a motor. The magnetic field surrounding the 
armature coils weakens the main magnetic field on one side 
of the coil, but strengthens it on the other side. As a result, 
a torque is developed that opposes the rotation of the gen-
erator shaft. This is why the rotating armature presents a 
mechanical load to the prime mover. Due to this reaction, 
the prime mover "feels" an opposition to turning the gen-
erator shaft. 

Q26. Why are compensating coils wound in a direction 
opposite that of the armature coils? 
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Your Answer Should Be: 

A26. Compensating coils are wound in a direction oppo-
site that of the armature coils because the mag-
netic field of the armature will be opposed by com-
pensating coils wound in the opposite direction. 
The fields will vary the same amount when the 
coils are fed the same current in series. 

SERIES DC-GENERATOR CHARACTERISTICS 

To obtain an output voltage, a series DC generator must 
be operated with the line switch closed. This enables the 
series circuit to be completed by including the external load. 
Without the external load connected to the series circuit, 
the series generator will not build up. 

Building Up 

When a complete series circuit exists and the armature is 
rotating in the magnetic field, an emf is induced in the 
armature. At first, this emf is due to the residual mag-
netism present in the iron core of the field poles. This small 
emf causes a small load current to flow through the series 
field winding. This causes an increase in the number of 
magnetic lines of force. When the number of lines of force 
generated by the series field winding increases, the voltage 
induced in the armature coils increases. 
The output voltage in the series machine continues to 

rise until the iron core of the series field becomes saturated; 
that is, it cannot contain any additional lines of force. When 
the magnetic field reaches saturation, the output voltage will 
be maximum, and any additional current required by the 
external load will not increase the output voltage. 

Characteristics Under Load 

Drawing more current from the armature than required 
to achieve maximum voltage output will create a drop in the 
output voltage of the generator. This decrease in voltage is 
due to armature reaction and the voltage drop across the 
resistances of the armature and the field. A graph of the 
output of a DC generator is shown on the next page. 
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The most important conclusion that can be reached about 
the series-wound DC generator is that it is best suited for 
constant-current applications. 

Output- Voltage Characteristics 
of a Series Generator 
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As more current is demanded (within practical limits) 
from a series-wound DC generator, the output voltage in-
creases. When the practical limit of current is reached, a 
further demand has a reverse effect. The practical limit is 
reached when the magnetic field strength reaches its max-
imum value. 
Examining the characteristic curve of the series-wound 

DC generator shows that the voltage drops off sharply. 
Therefore, it is possible to obtain a fairly constant current 
for a wide voltage range. 

Q27. In order to obtain output voltage, a series gener-
ator must be operated with the -- — — connected. 

Q28. The series DC generator is best suited for 
 applications. 

Q29. The output voltage of a series generator first 
  and then   as the 
output current increases. 
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Your Answers Should Be: 

A27. In order to obtain output voltage, a series gener-
ator must be operated with the load connected. 

A28. The series DC generator is best suited for con-
stant-current applications. 

A29. The output voltage of a series generator first 
increases and then decreases as the output current 
increases. 

SHUNT DC-GENERATOR CHARACTERISTICS 

The field coils of a shunt-wound DC generator are con-
nected in parallel with the armature and the external load. 
The number of magnetic lines of force produced by the pole 
pieces does not depend directly on the load current. How-
ever, the load current does have an indirect effect. As the 
load current increases, the generator output voltage de-
creases. This is due to increased armature reaction and the 
voltage drop across the resistance of the armature coils. 
When the generator output voltage decreases, the current 
through the shunt field coils also decreases. This causes an 
additional decrease in the output voltage. The output volt-
age is therefore less than it would be if the field windings 
were connected to a source of constant voltage. 
A rheostat is usually placed in series with the shunt field 

windings. By adjusting the rheostat, the current through 
the windings can be controlled. In this way, the strength 
of the magnetic field can be changed to make up for a 
decrease in output voltage. 

Building Up 

The line switch to a shunt DC generator can be left open 
since it is not necessary for the external load to be connected 
during buildup. When the generator is turning, the arma-
ture coils cut the weak, residual magnetic field of the iron 
shunt-field core. The weak magnetic field causes a weak volt-
age to be induced in the armature coils. This voltage, in 
turn, causes a weak current to flow from the armature coils, 
through the shunt-field rheostat, and through the shunt field 
coils. The weak shunt field current generates additional lines 
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of force which strengthen the magnetic field. The strength 
of the electromagnetic field and the voltage induced in the 
armature coils increase until the terminal voltage of the 
generator reaches its no-load voltage. 

Characteristics Under Load 

In order for the shunt DC generator to deliver power to 
the external load, the line switch is closed. The load require-
ments are met by adjusting the shunt-field rheostat. 
As the amount of current required by the external load 

increases, the output voltage of the generator decreases as 
shown in the following characteristic curve. 

Output- Voltage Characteristics of a 
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The shunt DC generator is well suited for constant-volt-
age applications at a specified rated output. When an addi-
tional load (beyond a critical limit) is placed on the gen-
erator, the output voltage falls off almost to zero. Any 
attempt to force a shunt DC generator to deliver more than 
its rated output could cause it to break down. 

Q30. A shunt DC generator is used mainly for constant 
 applications. 

Q31. When more current is required by the external 
load than the critical limit of a shunt generator, 
the additional load will cause the output voltage 
to ____ . 

65 



Your Answers Should Be: 

A30. A shunt DC generator is used mainly for constant-
voltage applications. 

A31. When more current is required by the external 
load than the critical limit of a shunt generator, 
the output voltage drops. 

COMPOUND DC-GENERATOR CHARACTERISTICS 

You have learned that there are two types of compound 
DC generators, the long shunt and the short shunt. The 
build-up, loading, and general characteristics of the two are 
very similar. The short-shunt generator is in wider use 
because of its simpler circuitry. On the next few pages the 
compound DC generator will be discussed in terms of the 
short-shunt design. The series field of a short-shunt, com-
pound DC generator is connected between the load and the 
parallel shunt field and armature. Basically, the compound 
DC generator takes advantage of the characteristics of both 
the series and shunt DC types. 

Building Up 

One of the advantages of the shunt generator is also pres-
ent in the compound generator. It is not necessary to start 
a compound generator with the external load connected. The 
building-up process is similar to that of the shunt type. 

Characteristics Under Load 

When the no-load terminal voltage has been reached, the 
line switch is closed. The output voltage is then adjusted 
with the shunt-field rheostat which controls the resistance 
of the shunt field circuit. As described before, this varies the 
strength of the magnetic field. The output voltage changes 
directly with the strength of the magnetic field controlled 
by the shunt-field rheostat. 
The purpose of the series field windings in a compound 

generator is to control the output voltage of the generator 
in relation to the external load. The series field windings 
help to offset the voltage decrease that occurs when a shunt 
field alone is used. 
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Compounding Effects 

When the effect of the series winding produces the same 
terminal voltage at rated load as at no load, the generator 
is said to be flat compounded. 
When the effect of the series winding produces a smaller 

terminal voltage at rated load than at no load, the generator 
is said to be undercompounded. 

Compound-Generator Characteristics 
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When the effect of the series winding produces a greater 
terminal voltage at rated load than at no load, the generator 
is said to be overcompounded. Compound generators are 
usually wound so that they are slightly overcompounded. 

In some generators, the degree of compounding is con-
trolled by a variable resistor in parallel with the series field. 
This resistor is called a diverter. It determines the fraction 
of the load current that flows through the series field. This 
gives the same effect as changing the number of turns in 
the winding. 

Q32. A compound generator most resembles a  
generator in its operation. 

Q33. A compound generator in which the rated-load 
voltage is equal to the no-load voltage is said to 
be  
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Your Answers Should Be: 

A32. A compound generator most resembles a ›,bunt 
generator in its operation. 

A33. A compound generator in which the rated-load 
voltage is equal to the no-load voltage is said to 
be flat compounded. 

AUTOMATIC VOLTAGE REGULATION 

It is possible to use an automatic device to keep the output 
voltage of a shunt generator nearly constant, even if the 
load changes. Such a device is called a voltage regulator. 
These regulators automatically change the current through 
the shunt field winding every time the output voltage starts 
to vary. 
Some regulators have a variable resistance in series with 

the field winding. If the output voltage decreases, the resist-
ance is decreased, and the voltage is brought back almost to 
its original value. If the voltage increases, the resistance 
increases, and the voltage again is returned almost to normal. 

VOLTAGE REGULATION BY VARYING FIELD RESISTANCE" 
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In another type of regulator, a pair of contact points is 
used to short-circuit a fixed resistor in the field circuit. 
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When the contacts are open, the resistor limits the field 
current and keeps the output voltage below the desired value. 
When the contacts short-circuit the resistor, the voltage 
rises above the desired value. In operation the regulator 
causes the cuntacts to vibrate (open and close rapidly). The 
average current through the field winding depends on how 
rapidly the contacts vibrate. This. in turn, is determined by 
the value of the output voltage. 

VOLTAGE REGULATION BY USING VIBRATING CONTACTS 
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More complicated arrangements are sometimes used to 
regulate the voltage of shunt generators. However, they all 
operate by controlling the amount of current flow in the 
shunt field winding. 

Q34. The voltage of a shunt generator is regulated by 
varying the current. 

Q35. A device that automatically keeps the output volt-
age of a generator nearly constant is called a 

69 



Your Answers Should Be: 

A34. The voltage of a shunt generator is regulated by 
varying the shunt-field current. 

A35. A device that automatically keeps the output volt-
age of a generator nearly constant is called a 
voltage regulator. 

PARALLEL OPERATION OF DC GENERATORS 

At times it is necessary for more than one generator to 
supply electrical energy to the same load. This may be due 
to peak load demands or the need for continuous service 
should one generator become disabled. 

In order to have more than one generator supply the exter-
nal load, it is necessary to connect them in parallel. The 
same general precautions should be taken when connecting 
DC generators in parallel as are used when connecting bat-
teries in parallel. Polarity and voltage must be the same. It 
is important to remember that different paralleling proce-
dures are used for AC than for DC generators. 

Paralleling Two DC Generators 

The figure on the opposite page shows two generators that 
can be connected to the same load by means of switches. The 
procedure for connecting them in parallel is as follows. 

1. Generator G, is supplying the external load; generator 
G2 is to be placed into parallel operation with GI. 

2. Switch S., must be open to prevent generator 1 from 
trying to operate generator 2 as a motor. 

3. Adjust the shunt-field rheostat of generator 2 to the 
lowest position. 

4. Bring generator 2 up to its rated speed. 

5. Adjust the shunt-field rheostat so that generator 2 is 
supplying slightly more voltage than generator 1. The 
polarity must be as shown. 

6. Close switch S2 to bring generator 2 into parallel opera-
tion with generator 1. NOTE: Generator 2 should be 
carrying a small portion of the external load. 

7. Adjust the shunt-field rheostat of generator 2 to dis-
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tribute the load equally. At the same time the shunt-
field rheostat of generator 1 is adjusted to maintain the 
normal voltage. 

TWO DC GENERATORS CONNECTED 
IN PARALLEL 

FIELD 
WINDING 

GI 

Removing a DC Generator From Parallel Operation 

1. Weaken the field of the generator to be removed from 
operation and at the same time strengthen the field of 
the remaining generator. 

2. When the outgoing generator is no longer carrying any 
of the load, open the switch so that the generator is 
removed from operation. 

Q36. Are the same procedures used in paralleling AC 
and DC generators? 

Q37. When paralleling DC generators, the positive ter-
minal of one generator must be connected to the 
 terminal of the other. 

Q38. The load is transferred from one generator to the 
other by adjusting the  
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Your Answers Should Be: 

A36. A different procedure is used for paralleling AC 
generators than for paralleling DC generators. 

A37. When paralleling DC generators, the positive ter-
minal of one generator must be connected to the 
positive terminal of the other. 

A38. The load is transferred from one generator to the 
other by adjusting the shunt-field rheostats. 

MAINTENANCE 

In order to operate any machine properly, you must be 
familiar with the construction details and maintenance pro-
cedures for the machine. Maintenance should not be confined 
to the repair and replacement of units that have failed in 
operation. Regular checks on operating equipment aid in 
detecting many problems before they become serious. 
The nameplate on the generator should list the maximum 

temperature rise for the machine. This is the maxi-
mum amount by which the machine should be warmer than 
the surrounding air. 
Check for generator hot spots by touching with the palm 

of your hand. Check for faulty bearing operation by feeling 
the bearing caps on the end bells. Naturally, you must be 
careful to avoid injury when touching the generator. The 
table on the next page lists some causes and remedies of hot 
spots. 
When the bearings are checked for overheating, you 

should also test for any vibration. Vibration may be caused 
by excessive speed of the rotating shaft, and is usually quite 
loud. If not corrected, this can result in permanent dam-
age to the machine. Excessive speed, if maintained for any 
length of time, can result in the machine tearing itself apart. 
Vibration may also be caused by poorly balanced rotating 
parts or by worn bearings. 

It is important to follow the manufacturer's instructions 
for lubrication and maintenance of bearings. This informa-
tion is usually contained in the manual that accompanies the 
equipment. Follow the manufacturer's instructions exactly. 
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Pointers About Lubrication 
Remember these things about lubrication. Improper lubri-

cation, either too little or too much, can cause serious dam-
age to moving and electrical parts. Too little lubrication 
causes friction and wear of moving parts. Excessive lubri-
cation can cause electrical damage—shorting the commuta-
tor segments, fouling the commutator brush assembly, or 
soaking the armature coils. 

GENERATOR HOT SPOTS—CAUSES AND REMEDIES 

Possible Causes Remedy 

1. Insufficient lubrica- 

tion. 

1. Lubricate. 

2. Excessive load on gen- 

erator. 

2. Check ammeter read-

ing with current rat-

ing of the generator. 

If overloaded: 

a. Reduce generator 

load. 

b. Place a second gen-

erator in parallel to 

share the load. 

3. Clogged cooling vents. 3. With generator off, 

blow out with clean, 

dry air at low pres-

sure. 

Q39. How would you determine the allowable tempera-
ture rise for a generator? 

Q40. What could cause a generator bearing to become 

too hot? 

Q41. What are some causes of vibration in a generator? 
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Your Answers Should Be: 

A39. The allowable temperature rise for a generator is 
usually given on its nameplate. 

A40. A generator bearing can become too hot because 
of too little lubrication. 

A41. Vibration in a generator can be due to excessive 
speed, poorly balanced rotating parts, or worn 
bearings. 

WHAT YOU HAVE LEARNED 

1. The main parts of a DC generator are the frame, end 
bells, pole pieces, shaft, armature, commutator, and 
brushes. 

2. The armature contains a number of coils in order to 
produce a relatively smooth output. 

3. Various types of carbon and graphite brushes are used 
to take voltage and current from the commutator seg-
ments. 

4. Most armatures consist of a drum-type iron core with 
windings set in slots in the core. 

5. Armature coils are connected to the commutator in sim-
plex, duplex, or triplex patterns. 

6. Coils can be connected in a lap-wound or wave-wound 
pattern. In a lap-wound pattern, a single coil is shorted 
by a brush; in a wave-wound pattern, a small group of 
coils in series is shorted. 

7. The neutral plane is the plane where no emf is induced 
in a coil. The brushes should be set to this position. 

8. The electromagnetic field of a DC generator can be 
either separately excited by an external DC source or 
self-excited from the generator output in a series, 
shunt, or compound circuit. 

9. A self-excited generator can start with its own residual 
magnetism or, if necessary, it can be started by flashing 
the field with an external DC source. 

10. Generator losses are copper loss (due to armature re-
resistance), eddy-current loss, and hysteresis loss. 
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11. Armature reaction results in the shifting of the neutral 
plane due to interaction of the magnetic field caused by 
current flow in the armature with the main magnetic 

field. 
12. A series generator and its external load must be con-

nected in order to obtain voltage from the generator. 

13. The current flow in a series generator varies with the 
current required by the external load and causes the 
strength of the magnetic field to vary. 

14. The series generator is best suited for constant-current 

applications. 

15. The shunt generator does not require that the external 
load be connected during buildup of that generator. 

16. The no-load terminal voltage of a shunt generator is 
greater than the rated voltage (voltage after external 
load is connected) because the load-current flow causes 
power losses within the generator. 

17. The current supplied by a shunt generator varies with 
the external load requirements, but a fairly constant 

voltage is maintained. 

18. The compound generator is basically a shunt generator 
with a series field used to offset the falling voltage 
when large amounts of current are required by the 

external load. 

19. The ability of the series field of a compound generator 
to produce a greater, equal, or lesser terminal voltage 
than no-load voltage determines if the generator is 
over, flat, or undercompounded. 

20. Regulators can be used to keep the output voltage of 
a shunt generator nearly constant. 

21. A shunt generator can be connected in parallel with 
another shunt generator only when it has reached a 
voltage slightly above the voltage of the other gener-

ator. 

22. Generators should be checked regularly for hot spots 

and vibration. 

23. It is important to follow the manufacturer's instruc-
tions for the lubrication and maintenance of generators. 
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3 
DC Motors 

In this chapter you will 

What You learn about DC motors. 
You will see how they are 

Will Learn constructed and find out 
what reactions occur inside 

them. You will be able to recognize the different types 
of DC motors and know the advantages and disadvan-
tages of each. You will learn about starting devices for 
DC motors, why they are needed, and how they work. 
You will also learn about the various methods used to 
control the speed of DC motors. 

BASIC DC-MOTOR CONNECTIONS 

The parts of a DC motor are essentially the same as the 
parts of a DC generator. A DC motor consists of a frame, 
end bells, pole pieces, shaft, armature assembly, commutator 
assembly, and brush assembly. The construction of these 
parts is essentially the same as for the generator, with minor 
changes for practical reasons. 
The field windings on the pole pieces (also called the 

stator) are supplied with DC. The commutator and arma-
ture (sometimes called the rotor) are also supplied with DC 
which is converted to AC, as you learned in Chapter 1. It 
would be possible, of course, to supply the two windings 
from different DC sources, but normally they are both sup-
plied from the same source. 
The two windings (stator and rotor) then become parts of 

the same circuit. The methods of connecting the two wind-
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ings determine the different types of DC motors. The three 
basic types are shunt, series and compound motors. 

Notice that the DC motors in the diagrams below are sim-
ilar to the three types of DC generators. 

TYPES OF DC MOTORS 

01 
LINE 

o  

o  

FIELD c, 
o BRUSHES COIL  

SHUNT 

LINE 

o  

iv^ 
vv 
FIELD 
COIL 

BRUSHES/ 

FIELD 
LINE COILS 

SERIES 

COMPOUND 

ARMATURE 

ARMATURE 

ARMATURE 

The direction of rotation of any DC motor can be reversed 
by reversing the leads of the field coils but leaving the 
armature connections unchanged. If both the field-coil 
and armature leads are reversed at the same time, the motor 
will continue to run in the same direction. 

EFFECT OF REVERSING FIELD 
CONNECTIONS IN A DC MOTOR 
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Reversing the leads of the field coils reverses the polarity 
of the magnetic field. The armature field remains unchanged. 
This causes the motor to run in the opposite direction, as 
shown in the figure at the bottom of the opposite page. The 
magnetic poles of the rotor and stator, as shown, attract 
each other until the field connections are reversed. Then the 
poles repel each other. If both the field and armature con-
nections were reversed, the poles would continue to attract 
each other, and the motor would not reverse direction. 

ARMATURE LOSSES 

Armature losses occur in a DC motor for exactly the same 
reasons they occur in a DC generator. The losses in the 
armature of a DC motor are copper loss, hysteresis loss, and 
eddy-current loss. The same kinds of construction are used 
in DC motors to reduce the armature losses as in DC gen-
erators. Armature cores in motors are usually built of 

laminated steel. 

ARMATURE REACTION 

Just as in a generator, the interaction of the armature 
and main magnetic fields distorts the main field. This causes 
the commutating plane of the motor to shift. There will be 
excessive sparking when the brushes are not properly 
aligned in the commutating plane. Armature reaction in 
the motor can be limited by interpoles and compensating 

windings. 

Ql. What happens to the direction of rotation of a DC 
motor if the leads of the field but not of the arma-
ture are reversed? 

Q2. There are armature losses in a DC generator. Are 
there similar losses of power in a DC motor? 

Q3. Armature reaction occurs in a DC generator. Is 
there armature reaction in a DC motor? 

Q4. Another name for the stationary field assembly in 
a motor is the  

Q5. Another name for the rotating armature is the 
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Your Answers Should Be: 

Al. If only the field leads are reversed, the motor 
reverses its direction of rotation. 

A2. There are armature losses in a DC motor just as 
there are in a DC generator. 

A3. Armature reaction distorts the main magnetic field 
and shifts the commutating plane in a DC motor 
just as it does in a DC generator. 

A4. Another name for the stationary field assembly in 
a motor is the stator. 

A5. Another name for the rotating armature is the 
rotor. 

COUNTER EMF 

When the armature conductors of a motor rotate in the 
main magnetic field, an emf is generated. This always hap-
pens when a conductor cuts magnetic lines of force. This 
emf opposes the applied line voltage. The faster the motor 
turns, the greater the counter emf becomes. 
When a DC motor is started, a very large current will flow 

unless a starting resistor is used to limit this current. As 
the motor builds up speed, however, the counter emf in-
creases and limits the current by reducing the effective 
voltage across the armature coils. 

DC SHUNT MOTORS 

The shunt field winding consists of many turns of small 
wire and is connected in parallel with the armature winding, 
or across the line, as shown below. 

A DC SHUNT MOTOR 

The shunt-type motor is used when it is desired to vary 
the rotational speed above and below the normal speed. In-
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creasing the resistance in series with the shunt field will 
cause the motor to speed up. (If the field circuit is broken 
and voltage is still applied to the armature, the motor may 
run so fast that it damages itself..) A resistor connected in 
series with the armature will decrease the speed of the 
motor. The characteristics of any type of motor need to be 

DC SHUNT MOTOR 
WITH FIELD RHEOSTAT 

known so that the motor may be used properly. The follow-
ing figure indicates typical characteristics for a shunt motor. 
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Characteristic Curves 
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The main characteristics of a shunt motor are its constant 
speed and low starting torque. This means that DC shunt 
motors cannot be used for hard-starting loads. 

Q6. The counter emf   when armat ure 

speed increases. 
Q7. What are the two main characteristics of a DC 

shunt motor? 
Q8. A resistance added in series with the shunt field 
 the speed of the motor. 
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Your Answers Should Be: 

A6. The counter emf increases when armature speed 
increases. 

A7. The two main characteristics of a DC shunt motor 
are its relatively constant speed and its low start-
ing torque. 

A8. A resistance added in series with the shunt field 
increases the speed of the motor. 

DC SERIES MOTORS 

DC series motors have the field and armature windings 
connected in series. Both sets of windings therefore carry 
the same current. 
The field coil, therefore, must be of much heavier construc-

tion than the field of a DC shunt motor in order to withstand 
the heavy currents. Below is a schematic diagram of a DC 
series motor. 
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The starting and stalling torque of a series motor is ex-
cellent. It will start and carry very heavy overloads. Speed 
regulation, however, is very poor. The speed decreases as 
the load increases. Therefore, the motor turns slower with 

Typical Series-Motor Characteristic Curves 

a heavy load and faster with a light load. If a DC series 
motor is run without any load, it may run so fast that it 

may damage itself. Series motors are seldom used in appli-
cations requiring belt coupling to the load; if the belt should 
break, the motor would be without a load. A typical use of 
a series motor is the automobile starter. 

Q9. Why is the field winding of a series motor wound 
with larger wire than the field winding of a shunt 
motor? 

Q10. A series motor has a ( large, small) starting torque. 

Q11. What happens to the speed of a series DC motor 
operated with no load connected to its shaft? 

Q12. The armature current of a series motor (does, does 
not) flow through the field windings. 
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Your Answers Should Be: 

A9. The field winding of a series motor is wound with 
larger wire than a shunt field winding because 
the series field carries a much larger current. 

A10. A series motor has a large starting torque. 

All. If a series DC motor is operated without load, it 
runs at a dangerously high speed. 

Al2. The armature current of a series motor does flow 
through the field windings. 

DC COMPOUND MOTORS 

As the name implies, the DC compound motor is a com-
bination of a DC shunt motor and a DC series motor. It has 
both a series and a shunt field winding. Its characteristics 
are a combination of the characteristics of the DC series 
motor and the DC shunt motor. When the shunt field coil 
and the series field coil act to aid each other, the machine 
is said to be a cumulative-compound motor. With the shunt 
field coil and the series field coil opposing each other, the 
machine is called a differential-compound motor. 
Compound motors are divided into two groups according 

to the manner in which the series field coil is connected with 
respect to the shunt field coil. These two groups are known 
as short-shunt and long-shunt compound motors. 

COMPOUND MOTORS 

LONG SHUNT SHORT SHUNT 

SERIES 

COIL 

By proper control of the relative strength of the two field 
coils, the compound motor may be used to meet any require-
ment that can be met by a pure series motor or a pure shunt 
motor. The characteristics shown on the opposite page apply 
to a typical compound motor, but not necessarily to every 
compound motor. 
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Examination of the chart below reveals that the speed 
of a compound motor is almost as constant as that of a 
shunt motor and the starting torque is almost as high as 
that of a series motor. A compound motor does not run 
dangerously fast even at no load. Compound motors can be 
designed to have different characteristics. 

Typical Shunt-Motor Characteristic Curves 

The compound motor has two field windings. For this 
reason, a compound motor is usually more expensive than 
either a series or shunt motor of the same capacity. 

Q13. What type of DC motor has the highest starting 
torque? 

Q14. What type of DC motor should never be started 
without a mechanical load connected? 

Q15. What type of DC motor has a constant speed char-

acteristic? 

Q16. DC shunt motors have a — __ starting torque. 

Q17. The same current flows through the armature and 
field coils in a DC motor. 

Q18. How does a short-shunt compound motor differ 
from a long-shunt compound motor? 
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Your Answers Should Be: 

A13. A series DC motor has the highest starting 
torque. 

A14. A series motor should always have a mechanical 
I load. 

A15. A shunt DC motor has a constant speed charac-
teristic. 

A16. DC shunt motors have a low starting torque. 

A17. The same current flows through the armature and 
field coils in a DC series motor. 

A18. A short-shunt motor has its shunt field connected 
directly across the armature. A long-shunt motor 
has the series field between the armature and the 
connection to the shunt field. 

MANUAL STARTERS 

A DC motor presents a very low resistance to a voltage 
source whenever the armature is at rest. For instance, a 
motor normally drawing 50 amperes at full load may have 
a starting current of 500 amperes or more. This inrush cur-
rent could easily damage the motor. In order to prevent 
this condition, starters are often used. Starters are usually 

o 
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MOVEA BLE  
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SPRING 
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required only with machines rated at more than 1/4  horse-
power. In most cases, the starters are rheostats connected 
in series with the armature. These rheostats are usually 
contained in an enclosure called a starting box. 

In a three-point starting box the connections are made as 
shown in the figure on the opposite page. When the voltage 
is turned on, the rheostat in series with the armature limits 
the armature current to a reasonable level. As the motor 
gains speed, the operator turns the rheostat arm in the 
direction of the arrow, one step at a time. Some of the 
resistance is also in series with the shunt field, but is small 
enough to be neglected. The holding magnet is energized 
by the field current so that when the arm has been pushed 
across the entire rheostat, the holding magnet will hold it 

in this position. If the field circuit should become open, the 
arm is released and returns to the off position. 

FOUR-POINT STARTING BOX 

[111i_L  1 

 rel4V\AM'‘"11. 

F  I  ARM 
SPRING < 

A 

HOLDING 
MAGNET 

The operation of the four-point starting box is similar to 
that of the three-point starting box. However, the holding 
magnet releases the arm when the voltage, rather than the 
field current, is lost. The four-point box is the more common. 

Q19. How many external connections are there on a 
three-point starting box? 

Q20. When is the arm on a four-point starter released? 
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Your Answers Should Be: 

A19. A three-point starting box has three external con-
nections: line, armature, and field. 

A20. The arm on a four-point starter is released when 
the supply voltage is lost. 

AUTOMATIC STARTERS 

Automatic starters are commonly used when frequent 
starting of DC machines is necessary. These starters can 
be operated by relatively inexperienced personnel since they 
involve only button pushing. 
The motor in the figure on the opposite page is a com-

pound motor, but the circuit would apply equally well to 
shunt motors (by removing the series field coil) or to series 
motors (by removing the shunt field loop). 
As the starting push button is depressed, line voltage is 

applied to coil M. The coil closes the two normally open con-
tacts, M, and Mo. M, causes continued current flow through 
coil M. Mo causes the armature to receive voltage. The three 
series resistors R,, R,, and limit the armature current 
to a safe value. Relays A, B, and C (whose coils are not 
shown) are operated in order as the counter emf in the 
armature increases. 
Contact A closes first, thus short-circuiting R, and leav-

ing less resistance in the armature circuit. Contact B closes 
next and short-circuits Ro. Finally contact C closes. This 
leaves no external resistance in the armature circuit. 
When the stop button is pressed, coil M is de-energized, 

and both M, and Mo open. As the motor comes to a stop, 
contacts A, B, and C open. 

If an overload occurs during normal motor operation, the 
heavy current will activate the overload relay and open its 
contacts. This is equivalent to pushing the stop button. 
The short-circuiting of the resistances in series with the 

armature can be accomplished by time-delay relays, voltage-
sensitive relays, or current-sensitive relays. The theory 
always remains the same—use series resistance to start and 
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lower the resistance value as the motor picks up speed. Volt-
age-sensitive relays operate as the counter emf in the arma-
ture increases. Current-sensitive relays operate as the 

armature current decreases. 

AUTOMATIC-STARTER CIRCUIT 
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Q21. What is the purpose of DC-motor starters? 

Q22. Name the three types of relays that can be used 
to short-circuit resistors in an automatic starter. 

Q23. Voltage-sensitive relays respond to the  
--- in the armature. 

Q24. In a motor starter, current-sensitive relays act 

when the current   

Q25. Under what conditions are automatic starters 

commonly used? 
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Your Answers Should Be: 

A21. DC-motor starters are designed to limit the start-
ing current to prevent damage to the armature. 

A22. Voltage-sensitive, current-sensitive, and time-de-
lay relays can be used to short-circuit resistors in 
an automatic starter. 

A23. Voltage-sensitive relays respond to the counter 
emf in the armature. 

A24. In a motor starter, current-sensitive relays act 
when the current decreases. 

A25. Automatic starters are commonly used when fre-
quent starting is necessary. 

RELAYS 

There are several types of relays used in DC-motor con-
trollers. The simplest is a switch closed or opened by an 
electromagnet when the current through the relay coil 
reaches a certain level. 

SIMPLE RELAYS 

PLUNGER 

CONTACTOR 
SYMBOL 

Normally Open 
PLUNGER 

CONTACTOR 
SYMBOL 

Normally Closed 

It is often desirable for a relay to operate only after a 
certain time delay. For example, the automatic starter just 
described may use time-delay relays to assure that the 
motor reaches its full load current after a given time, no 
matter what the load on the motor. Or it may not be desir-
able to have an overload relay disconnect the motor as a 
result of a momentary overload. A time-delay relay can be 
used for this purpose also. 
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Thermal Time Delay 

Several types of relays can offer a time delay. One type 
often used for overload protection is the thermal overload 
relay. This relay is operated by heat rather than magnet-
ism. A strip of brass and a strip of copper are fastened 
together to form a bimetal strip. 

A SIMPLE THERMAL-OVERLOAD RELAY 
COPPER 

HEATING COIL COPPER / BRASS 

BRASS CONTACTS 

CLOSED OPEN 
When the bimetal strip is heated, the brass expands more 

than the copper, and the strip bends away from the fixed 
contact and opens the circuit. The action of this relay 
depends on the heating effect of the current. That is, it 
depends on both the amount and the duration of the cur-
rent. If a heavy current flows for a short time but not long 
enough to cause overheating of the motor, the relay will 

stay closed. 

Dashpot Time Delay 

Automatic starters generally use magnetic time-delay 
relays. One type, the dashpot timing relay, uses a cylinder 
containing oil (called a dashpot) to slow down the motion 
of a plunger. 

A 

DASI1POT 

RELAY 

............. 

COIL 

CONTACTS 
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OIL 

PISTON 

SMALL 
HOLL 

Q26. Two types of time-delay relays depend on a 
  or a   to deter-
mine the amount of time delay. 
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Your Answer Should Be: 

A26. Two types of time-delay relays depend on a bi-
metal strip or a dashpot to determine the amount 
of time delay. 

Resistance-Capacitance Time Delay 

It is also possible to make use of the RC time constant 

of a resistor and capacitor to establish a time delay. For 
practical purposes, a current strong enough to operate a 

relay will flow from a discharging capacitor for a period 
equal to about five time constants. 

A CAPACITOR TIME DELAY 

TO 
MOTOR 

STARTING 
RESISTOR 

TO 
ARMATURE 

NORMALLY 
CLOSED 
CONTACTS 

In the simplified circuit shown above, S, is closed and 
S., is open when the motor is off. The capacitor becomes 
charged. When the motor is started, S, is opened and S., is 
closed. The capacitor discharges through resistor R and the 
relay coil. During the first moments after the motor is 
turned on, enough current flows through the relay to hold 
its contacts open. This causes the starting resistor to limit 
the armature current. When the capacitor-discharge cur-
rent decreases below a certain value, the relay contacts 
close, short-circuiting the starting resistor. Armature cur-
rent is no longer limited except by the counter emf which 
is now high enough to protect the armature. 
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MOTOR EFFICIENCY 

Before motor efficiency can be discussed, the term effi-
ciency must be thoroughly understood. Efficiency is the 
ratio of the amount of power obtained from a machine to 
the amount of input power required to operate it. There-
fore, efficiency is a ratio of the power output to the power 
input of a system. This statement can be written as follows: 

Eff = P" 

If a system requires 1,000 watts at the input while deliver-
ing 800 watts at the output, its efficiency is: 

80 0  
Eff — P° = 000 — 0.80 or 80% 

Pi 1,  

Efficiency is usually expressed as a percentage. In a motor, 
the output (mechanical power) is measured in horsepower 
(HP) while the input (electrical power) is measured in 
watts. The output is multiplied by 746 in order to obtain 
its equivalent in watts. For example, 1 HP = 746 W, so 2 
HP = 2 x 746 = 1,492 W. 

What is the Efficiency of This Motor? 

1- 20 AMPS m > 

110VDC 
POWER OUTPUT 

2.5 hp 

To find the efficiency of the motor above, you must cal-
culate the power input ( in watts) and power output (in 
watts), and then use the formula to find efficiency. 

Pi— E xl= 110 x 20= 2,200 W 
P„ = hp x 746 = 2.5 X 746 = 1,865 W 

Eff = P° = 1'865 — 0.85, or 85% 
Pi 2,200 

Q27. If a motor requires an input of 30 amperes at 230 
volts when its output is 8 HP, what is its efficiency? 
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Your Answer Should Be: 

A27. P, --- 230 >< 30 = 6,900 W ; P„ = 8 >< 746 = 5,968W 

Eff — P" — 5'968 — 0.86, or 86%. 
P, 6,900 

Motor Losses That Affect Efficiency 

Now that you know how to calculate efficiency, the ques-
tion of why the output power is smaller than the input power 
should be answered. A motor has several electrical losses. 
There are armature losses, losses in the field windings, and 
losses in the shunt-field rheostat. 

There are also mechanical losses in the form of friction. 
The armature runs on bearings, and the brushes "rub" 
against the commutator. In addition, the entire armature 
has to overcome air friction while spinning. The power nec-
essary to provide for these friction losses must be supplied 
from the input source. A fan is connected to one end of the 
armature to cool some motors. This amounts to an addi-
tional loss due to air friction. All these mechanical losses 
depend mainly on the speed. 
Motor efficiency increases as the physical size of the motor 

increases. For fractional-horsepower motors, efficiencies are 
about 40-50%. In the 10-HP range the efficiency is about 
85%. This is because the mechanical losses do not increase 
with the motor size at the same rate as power output. 

SPEED CONTROL 

One of the great advantages of DC motors over AC motors 
is that the speed of DC motors can be controlled easily. 
There are three basic methods for speed control. These 
make use of a shunt-field rheostat, resistance in the arma-
ture circuit, or armature- N ( ltage control. 

SPEED CONTROL 
WITH SHUNT-FIELD 

RHEOSTAT 



Look at the figure at the bottom of the opposite page. As 
the rheostat ( R,,) is changed to increase the resistance in 
the circuit, less current flows in the field coil, and the speed 
of the motor increases. When the resistance is completely 
short-circuited, the full voltage is impressed on the field coil, 
and the motor rotates at its lowest possible speed. 

If the resistance of the rheostat is increased, the strength 
of the main field will decrease. The counter emf generated 
in the armature will also decrease. The current through the 
armature will then increase, and the speed of the motor will 
increase. When the resistance is decreased, the opposite 
action takes place, and the motor slows down. 
As a motor speeds up, the commutator begins to spark 

(every commutator has a practical speed limit), and the 
mechanical stresses within the rotor increase sharply due 
to centrifugal force and vibration. If the speed continues to 
increase, the armature may fly apart. 

ARMATURE-RESISTANCE SPEED CONTROL 

Series Motor Shunt Motor Compound Motor 
Armature-resistance speed control is obtained by inserting 

an external variable resistance in series with the armature 
circuit, as shown above. Speed control for series motors is 
usually not required since they are used where varying speed 
is permissible. While this system meets the requirement of 
excellent speed control, the main disadvantage is the con-
siderable amount of power loss in the control rheostat. This, 
in turn, makes the motor efficiency very low. 

Q28. What are the mechanical losses in a DC motor? 

Q29. Why is more power lost in an armature speed-con-
trol rheostat than in a shunt-field rheostat? 

Q30. When the shunt-field resistance is increased, the 
speed of a motor  

Q31. When the armature resistance is increased, the 
speed of a motor  
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Your Answers Should Be: 

A28. Mechanical losses in a DC motor include bearing 
friction, commutator friction, and air friction. 

A29. More power is lost in an armature speed-control 
rheostat than in a shunt-field rheostat because the 
armature normally carries more current than the 
field coils. 

.130. When the shunt-field resistance is increased, the 
speed of a motor increases. 

A31. When the armature resistance is increased, the 
speed of a motor decreases. 

Ward Leonard Speed Control 

The speed of a DC motor can be controlled by varying the 
armature voltage. This is done by the Ward Leonard system 
shown in the figure below. This system is the most accurate 
but also the most expensive method of motor-speed control. 

WARD LEONARD SPEED CONTROL 

DC MOTOR TO 
BE CONTROLLED 

AC OR DC 
MOTOR 

The shunt fields of both the generator and motor are 
supplied from a constant-voltage source. The DC-generator 
output voltage is controlled by rheostat RI. The voltage 
variation (out of G and into M) gives a wide range of speed 
control. In addition, by varying the motor rheostat ( R.), a 
wider speed range can be obtained. 
This system requires three machines instead of one. A 

source of voltage for the field windings is also needed. In 
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some cases this may be a fourth machine. However, in many 
cases the higher cost of this system is justified by the com-
plete range of speed control it makes possible. With it the 
speed can be varied accurately from zero to maximum. 

Q32. The Ward Leonard system controls the motor 
speed by varying the  

Q33. Which type of speed control gives full-range con-
trol of speed? 

WHAT YOU HAVE LEARNED 

1. The main parts of a DC motor are the frame, end bells, 
pole pieces, shaft, armature assembly, commutator as-
sembly, and brush assembly. 

2. A DC motor has armature losses of the same sort as a 
DC generator: copper losses, eddy currents, and hys-
teresis losses. 

3. Armature reaction occurs in a DC motor and can be 
limited by interpoles and compensating windings. 

4. A motor, when it is turning, also acts as a generator 
and creates a counter emf that opposes the applied volt-
age and limits the flow of current through the armature. 

5. There are three main types of DC motors—shunt, 
series, and compound. 

6. Shunt motors have a low starting torque and a rela-
tively constant speed regardless of load. 

7. Shunt motors must not be operated without field cur-
rent because the motor will then run at a dangerous 
speed. 

8. Series motors have a high starting torque, but their 
speed varies greatly as the load changes. 

9. Series motors must never be operated without a load 
because under that condition the speed will be so great 
that the armature may fly apart. 

10. Compound motors combine the characteristics of both 
series and shunt motors in proportions that depend on 
the construction of the particular motor. 

11. DC motors are started with a resistance in series with 
the armature to limit the starting current. 
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A32. The Ward Leonard system controls the motor 
speed by varying the armature voltage. 

A33. The Ward Leonard system gives full-range con-
trol of speed. 

12. Two common ways of providing starting resistance for 
DC motors are the three-point and four-point starting 
boxes. In these devices, a contact is moved by hand to 
bypass the starting resistance as the motor gains speed. 
A magnet holds the contact in place while the motor is 
operating. 

13. Automatic starting boxes perform the starting function 
automatically by using relays to bypass the resistance 
as speed builds up or after a time delay. 

14. Thermal overload relays are operated by the heating 
effect of a current and can be used to protect motors 
from overheating. 

15. Dashpot time-delay relays use an oil-filled piston to 
slow down the action of the relay. 

16. An RC circuit can be used to provide a time delay for 
the operation of a relay. 

17. Motor efficiency is found by dividing the output power 
by the input power. One horsepower is equal to 746 
watts. 

18. Motor speed can be controlled by use of a shunt-field 
rheostat. 

19. Motor speed can also be controlled through the use of 
an armature speed-control rheostat. The disadvantage 
of this system is that it reduces motor efficiency con-
siderably through power loss in the rheostat. 

20. The most useful system of speed control is armature-
terminal-voltage speed control (the Ward Leonard sys-
tem), which uses an independent generator to pro-
vide voltage to the armature. This system allows a wide 
range of accurately controlled speeds, but it is complex 
and expensive. 
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4 

AC Generators 

The principles of AC-
what You generator operation are 

presented in this chapter. 
Will Learn You will learn the applica-

tions of the various gener-
ator types and how to recognize them. You will become 
familiar with the characteristics of AC generators and 
how they are regulated. 

ALTERNATORS 

AC generators are also known as alternators. They vary 
in size from no larger than a walnut to bigger than a house. 
Almost all electrical power for homes and industry is sup-
plied by alternators in power plants. An AC generating 
system consists of the armature, field, and prime mover. 

The Armature 

The armature is that part of a generator in which the 
output voltage is induced. The current that flows to the 
load also flows through the armature. In an alternator, the 
armature is an assembly of coils, as in a DC machine. 
The armature may be either the rotating (rotor) or sta-
tionary (stator) member of an AC generator. 

The Field 

DC is supplied to the field winding in an alternator. This 
DC current creates a magnetic field which is cut by the 
armature winding. A separate DC source is usually used for 
the field. The field in alternators supplying up to 50 KW is 
usually the stationary part (stator). In larger machines 
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the field is the rotating component (rotor). Electrically, it 
makes no difference whether a rotating winding cuts a 
stationary field or a rotating field cuts a stationary winding. 
The field requires relatively low voltage and current com-

pared to the high voltage and current generated in the arma-
ture of a large alternator. It is easier to connect this low 
voltage and current to a rotor through slip rings than it is 
to connect high AC voltage and current. This is why the 
field is the rotating part in large alternators. 

The Prime Mover 

The prime mover is the source of mechanical power which 
drives the rotor of the alternator. It can be a gasoline 
engine, a steam turbine, a water turbine, or any such source. 
The prime mover can even be an electric motor. 

SYNCHRONOUS ALTERNATORS 

The synchronous alternator is the basic and most common 
AC generator. The DC excitation is provided from an out-
side source, usually a small DC generator. The shaft of the 
alternator is driven at a constant speed, usually 1,800 or 
3,600 rpm. As has been mentioned before, either the arma-
ture or the field of the alternator can be the rotor. 

ROTATING 
FIELD WINDING 

EXCITER FIELD 
RHEOSTAT 

EXCITER 
FIELD 

BRUSHES AND SLIP RINGS 

BASIC SYNCHRONOUS ALTERNATOR 
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Field Current 

DC current can be supplied to the field in several ways. 
In most cases it is supplied by a DC generator called an 
exciter. The exciter may supply a DC line (called a bus) 
that is tapped to supply several Toads. In other cases, the 
DC generator may be connected directly to the same shaft 
as the alternator, or it may be driven from the alternator 
shaft by a belt connection. Belt-connected exciters are used 
with relatively slow machines. 

Since generators cannot operate without DC excitation, 
power plants usually have one or two spare exciters capable 
of taking over in case of an exciter failure. The exciter is 
usually a compound-wound DC generator that is flat com-
pounded and rated at either 125 or 250 volts according to 
the size of the alternator. A flat-compound DC generator is 
used for excitation current because this type of machine 
gives the most constant voltage regardless of load. 

Inductor Alternator 

Inductor alternators are used to produce voltages at fre-
quencies between 500 and 10,000 cycles per second. They 
are used for supplying power to induction furnaces for melt-

ing or heating metals. 
In an inductor alternator both the armature and the field 

are stationary. The only rotating element is a toothed steel 
rotor which distorts the magnetic field of both the field and 
the armature. The motion of the steel teeth produces a rap-
idly vibrating magnetic field which induces a very high-
frequency voltage in the armature winding. 

Ql. What type of alternator is used to supply household 

current? 
Q2. What type of alternator would be used to obtain a 

5,000-cps AC current? 

Q3. What is the minimum number of generators you 
could expect to find at an AC power-supply instal-

lation? 
Q4. Why do large synchronous alternators have rotat-

ing fields and stationary armatures? 

Q5. Why is a flat-compound generator used as an ex-
citer for a synchronous alternator? 
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Al. A synchronous alternator supplies household cur-
rent. 

A2. An inductor alternator would be used to obtain a 
5,000-cps AC current. 

A3. You would expect to find at least two generators at 
an AC power installation—an alternator and a DC 
exciter. 

A4. Large synchronous alternators have rotating fields 
because the field current and voltage are much 
smaller than the armature current and voltage. 

A5. A flat-compound generator provides a constant out-
put voltage over a wide variation of load. 

THE INDUCTION GENERATOR 

The induction generator can be used to develop special 
frequencies for special applications. For example, some high-
speed tools are operated by AC voltages at frequencies of 
90, 100, 175, or 180 cps. Induction generators can also supply 
AC voltages at 25 or 50 cps. An induction generator may 
be considered a device for changing the frequency of AC, 
since it uses a three-phase AC power source. 

PRINCIPLE OF FREQUENCY CHANGING 

FREQUENCY DECREASED 

3-PHASE 
INPUT 

3-PHASE 
INDUCTION MOTOR 

TNTIIJUIFN 
GENERATOR 

FREQUENCY INCREASED 

FREQUENCY 
HIGHER OR LOWER 

THAN INPUT 

The power source is used to drive an AC motor. At the 
same time, it is used to establish a rotating magnetic field. 
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In the figure on the opposite page, the magnetic field itself 
rotates and the field coils remain stationary. (You will see 
how this is done in the following chapter when induction 
motors are discussed.) If the armature of the induction 
generator is standing still, the voltage induced in it will 
have the same frequency as the rotating magnetic field. The 
action is very similar to that of a transformer. However, 
if the armature is made to turn, the frequency of the in-
duced voltage is no longer the same as the frequency of the 
field. If the armature turns in the same direction as the 
rotating field, the generated frequency will be lower. In 
fact, if the armature turns at the same speed as the rotating 
field, the induced frequency will be zero. When the armature 
is moving in a direction opposite from that of the rotating 
field, the relative speed is increased and the frequency is 

higher. 

SINGLE PHASE AND POLYPHASE 

Single phase refers to the type of generator discussed in 
Chapter 1. Single-phase alternators have only one armature 
winding whose leads deliver the output of the alternator. 
They deliver an AC output between two wires only. 
Polyphase machines have more than one winding and de-

liver an output between several pairs of wires. The most 
common type of polyphase machine is the three-phase type. 
Two-phase machines are also sometimes used. Three-phase 
generators are widely used because large amounts of power 
can be transmitted more efficiently with a three-phase sys-
tem than with a single-phase system. 

Q6. What type of generator could be used to obtain a 
120-cps output? 

Q7. When an induction generator supplies an output 
frequency higher than the input frequency, is the 
rotor turning in the same direction as the magnetic 

field? 
Q8. What is the advantage of a three-phase power sys-

tem over a single-phase power system? 

Q9. A single-phase generator delivers voltage between 
only — — _ wires. 
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A6. An induction generator could provide a 120-cps 
output. 

A7. No. When the output frequency of an induction 
generator is higher than the input frequency, the 
rotor is turning in the opposite direction from the 
magnetic field. 

A8. Power is transmitted more efficiently in a three-
phase system than in a single-phase system. 

A9. A single-phase generator delivers voltage between 
only two wires. 

Two-Phase Alternator 

The two-phase alternator is, as the name implies, a ma-
chine that has two separated windings on its armature. 
Usually the two windings are mounted 90 electrical degrees 

SIMPLE TWO-PHASE GENERATOR • 

P PHASE 1 HASE 2 

apart. Thus, when the voltage in one coil reaches its peak, 
the other one is at zero, and vice versa. The figure below 
indicates the phase relationships in a two-phase alternator. 

PHASE 

RELATIONS 

IN A 

TWO-PHASE 

GENERATOR 
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The armature windings of a two-phase generator can be 
connected in two different ways. It is possible to simply 
make individual connections to the two separate windings. 
This arrangement gives four output connections and is called 
a four-wire system. 

TWO-PHASE SYSTEMS 
A 

PHASE 1 

PHASE 2 
D 

Four Wire Three Wire 

A 

PHASE-1 
VOLTAGE 

PHASE-2 
VOLTAGE 

It is also passible, however, to combine two a the output 
connections to produce what is called the three-wire system. 
In this system the voltages of the two separate phases 
remain the same. Phase 1 appears between A and B. Phase 
2 appears between B and C. But a third voltage is also 
available, the voltage between A and C. This voltage is the 
vector sum of the other two voltages. 

VOLTAGE RÉLATIONSHIPS 

IN A TV/C-PHASE 

GENERATOR 

In the figure above, single-phase voltages of 100V exist 
between A and B and between B and C. The voltage between 
A and C is 1.41 times the single-phase voltage if the two 
phase voltages are equal. 

Q10. In a three-wire, two-phase system, how can the 
combined voltage of the two phases be calculated 
if the individual phase voltages are equal? 
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A10. The combined voltage is 1.41 times the voltage of 
one phase, provided the phase voltages are equal. 

Three-Phase Alternator 

A three-phase alternator has three separate armature 
windings connected in either a delta or wye (Y-shaped) pat-
tern. A detailed discussion of these methods of connection 
is given in Chapter 6 of this volume. (In the figure below, 
each phase winding is made up of two parts.) 

THREE-PHASE 
ALTERNATOR 

PHASE 3 

ARMATURE 

PHASE 2 

PHASE 1 

PHASE 1 

PHASE 2 

FIELD 
(ROTOR) 

PHASE 3 

The three single-phase voltages of a three-phase alter-
nator are usually 120 electrical degrees apart. As in the 
two-phase machine, it is possible to obtain single-phase volt-
ages and also voltages between phases. The relationship 

100V 100V 

173V 
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between these voltages depends on whether a delta or wye 

connection is used. 

VOLTAGES IN A DELTA-CONNECTED, 

THREE- El-/A SE ALTERNATOR 

Kov 

As you will see in Chapter 6, three-phase power can be 
transmitted more economically than single-phase power can 
be transmitted. 

GENERATOR RATINGS 

The ratings of an AC generator are usually given on a 
nameplate attached to the outside of the frame of the 
machine. The following information is usually given: 

1. Manufacturer's serial and type numbers. 

2. Number of phases. 

3. Speed (rpm). 

4. Number of poles. 

5. Maximum voltage ratings ( output). 

6. Frequency of output. 

7. KVA (or KW) rating. 

8. Armature current ( in amps per phase). 

9. Ambient temperature and temperature rise. 

10. Field current ( in DC amps). 

11. Power-factor limits. 

Additional information, such as whether the generator can 
be operated continuously, may be given. 

Q11. If the single-phase voltage of a three-phase, wye-
connected alternator is 120V, what is the voltage 
between phases? 

Q12. How many between-phase outputs can be obtained 
from a three-phase machine? 
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All. 120V x 1.73 = 208V. 

Al2. You can obtain three between-phase outputs. 

ARMATURE REACTION 

Armature reaction occurs in an alternator just as it does 
in a DC generator. The magnetic field of the armature 
interacts with the main field. With a purely resistive load, 
this effect is similar to that in a DC machine. There is some 
distortion of the main magnetic field which changes the 
waveform of the output voltage. 
However, current in an AC circuit is not always in phase 

with the applied voltage. This means, also, that current in 
the armature is not always in phase with the induced volt-
age. This fact gives rise to an interesting effect. When the 
load is highly inductive and the current lags behind the load 
voltage, the phase shift of the current causes the magnetic 
field of the armature to oppose the main field and partly 
cancel it. If an inductive load is applied to an alternator, 
there is a drop in output voltage. Exactly the opposite hap-
pens with a capacitive load. Here, the load current leads the 
load voltage, and the armature field now adds to the main 
field. The output voltage of an alternator will be higher 
with a capacitive load. 

FREQUENCY 

In all alternators the frequency is controlled by the speed 
of the rotor. The relationship between the speed of the rotor 
and the output frequency of an alternator is given by the 
following formula : 

P X S 
120 

where, 

f is the frequency in cps, 
P is the number of poles, 
S is the speed in rpm. 

This formula applies regardless of the number of phases. 
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FREQUENCY CONTROL 

Generators must maintain very steady frequencies since 
so many electrical devices require an accurate supply fre-
quency. For example, all electric clocks depend on an accu-
rate frequency to maintain the correct time. A variation of 
only 1 cycle per second would mean a change of 24 minutes 
every 24 hours. Many devices, such as timers, are operated 
by synchronous motors because of the constant speed of this 
type of motor. The constant speed of a synchronous motor 
depends directly on a constant-frequency input. 
The frequency of an alternator depends on the speed of 

the prime mover. If the steam turbine, hydraulic turbine, 
or fuel engine driving the generator has a reliable speed 
regulation, the generator frequency will be constant. 

In large power plants, very accurate frequency-recording 
instruments and means of compensating for any speed 
changes are maintained. Thus, if the frequency should drop 
for a short period, a control device will overspeed the shaft 
to make up for the loss. The following figure shows a fre-
quency-time diagram for such automatic correction. 

RESULTS OF AUTOMATIC FRE UENCY CONTROL 
60.2 

60.1 

0. 60 

59.9 

59.8 t 1 

/»31/ 

t2 

At time to a situation such as a heavy load lowered the 
frequency to 59.9 cps. At time t1 the automatic device 
sensed the loss and forced the frequency to 60.1 cps until 
time t 2. At that time the machine had caught up with itself. 
Shaded areas A and B on the diagram must be equal in 
order for the machine to be caught up. 

Q13. What would be the frequency of a 4-pole alter-
nator operated at a speed of 1,500 revolutions per 
minute? 

Q14. Does the number of phases affect the frequency 
of the output? Why? 

Q15. What happens to the output voltage of an alter-
nator when the load is capacitive? 
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P XSX S 
120 

f ...._ 4 >.< 1,500 50 cps 
120 

A14. No. One complete revolution generates one com-
plete cycle in each winding. 

A15. When a capacitive load is connected to an alter-
nator, the output voltage rises. 

VOLTAGE REGULATION 

The best way to understand the need for regulating the 
output voltage of a generator is to determine what would 
happen if the voltage were not steady. One of the most 
disturbing things would be the constant flickering of elec-
tric lights. Certain motors would not maintain a constant 
speed. Radio and TV sets would not operate properly. 
The voltage of an alternator depends on the speed of 

the machine, the number of turns in the winding, and the 
strength of the magnetic field. The speed of the shaft is 
maintained constant in order to maintain a constant fre-
quency, so speed variation cannot be used to regulate volt-
age. The number of turns on the armature is fixed by the 
machine design and cannot be varied to regulate voltage. 
The field strength is the only other factor that can be 

varied, but even it can be varied only a limited amount. 
The graph at the top of the next page shows how the no-load 
voltage of a typical alternator depends on the DC field cur-
rent. An alternator operating at no load requires a minimum 
amount of field current—say 12 amps DC (point A). If the 
field current is increased to 14 amps, the voltage will be 
increased to 135V (point B). 
Suppose the alternator is operating at 120V with no load. 

A load is now applied to the generator. The voltage output 
will change if the field current remains the same. In this 
case it drops to 110 volts (point C). Now if the field current 
is increased to approximately 14 amps, the voltage will go 
up again to 120V (point D). 
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RELATIONSHIP OF OUTPUT VOLTAGE AND FIELD CURRENT IN A 

TYPICAL ALTERNATOR 
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You can see that whenever a load is applied to an alter-
nator, an increased field current should be applied in order 
to make up for the drop in output voltage. During the course 
of one day the load varies considerably. Such field-current 
changes must therefore be made automatically. A device 
for regulating the output voltage of a generator is called a 
voltage regulator. 

Q16. Is the speed of an AC generator varied to control 
the output voltage? Why? 

Q17. When a load is connected to an alternator, the out-
put voltage of the alternator   if the 
field current is not changed. 

Q18. Changes in the output voltage of an alternator can 
be corrected by changing the   

Q19. A device that automatically maintains a constant 
generator output voltage is called a   
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A16. The speed of an AC generator cannot be varied to 
control the output voltage because the speed also 
determines the output frequency. 

A17. When a load is connected to an alternator, the out-
put voltage of the alternator changes if the field 
current is not changed. 

A18. Changes in the output voltage of an alternator 
can be corrected by changing the field current. 

A19. A device that automatically maintains a constant 
generator output voltage is called a voltage regu-
lator. 

VOLTAGE REGULATORS 

A voltage regulator must sense any change in output volt-
age and vary the DC field current so as to correct the change. 
There are many voltage regulators on the market, but they 
can be divided into two basic groups—those with moving 
parts and those without moving parts. An example of the 
first type will be given on the next page. For simplicity, 
only the basic parts will be shown. 
The figure below shows the voltage sine wave during a 

voltage-regulating operation. The voltage begins to drop at 
t„. The voltage regulator senses the drop and at t1 begins 
to operate. The voltage first goes up and then gradually 

TIME 

AUTOMATIC VOLTAGE REGULATION 
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returns to normal. The time required to return to normal 
varies from a few cycles, as shown in the figure, to a few 
seconds. 
An example of a mechanical voltage regulator is shown 

in the figure below. If the voltage rises, the magnetic field 
of the coil increases, and the steel piece moves toward the 
coil. This causes some of the spring contacts to open, and 

A MECHANICAL VOLTAGE REGULATOR 

ALERNATOR 

FIELD 
TERM I \ AL S 

SPRING CONTACTS 
BYPASS RESISTANCE 

EXCITER 

VOLTAGE 
SENSING COIL 

the resistance between the exciter and the alternator in-
creases. This causes less field current to flow to the alter-
nator, and the output voltage decreases to normal. If the 
voltage falls, the spring is able to pull the steel piece away 
from the coil. This closes more of the contacts. The resist-
ance then decreases and the field current and output voltage 
increase. The resistance could also be placed in the exciter 
shunt-field circuit. 

Q20. In the voltage regulator shown above, why is the 
resistance decreased when more of the contacts are 
closed? 

Q21. Why does decreasing the resistance increase the 
output voltage? 
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A20. Each pair of contacts short-circuits part of the 
resistance. Therefore, the total resistance de-
creases when more of the contacts are closed. 

A21. Decreasing the resistance increases the field cur-
rent. This causes the output voltage to increase. 

PARALLEL OPERATION 

Most power plants have several generators operated in 
parallel. The advantage of this method is that it provides 
more reliable operation. 

In a large power distribution system it is possible that 
power used in one area may come from generators operating 
several states away. This is because many power companies 
have their networks interconnected. In any large network, 
the line voltage is kept constant by the individual voltage 
regulation of each generator. 

In order for generators to operate in parallel their fre-
quencies must be equal, their voltages must be equal, and 
they must be in phase with each other (synchronized). While 
most power plants are strictly three-phase systems, the fol-
lowing paragraphs deal with a single-phase system for better 
understanding. 
When a generator is being paralleled with others it is said 

to be brought "on the line." It must first be brought to line 
voltage and proper frequency, and then it must be synchro-
nized. This means that its voltage and the line voltage must 
go through the same parts of their cycles at the same time. 

TIME 

VOLTAGE OF 
GENERATOR 1 

IL 
o 
s 

LINE 
VOLTAGE 

TIME 

OUTPUTS OF TWO SYNCHRONIZED 
GENERATORS 
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There are many methods of synchronizing generators, but 
the most common is by the lamps method. The circuit is 
shown below. Generator G, is supplying the load, and G, 
is to be brought on the line. 

METHOD OF SYNCHRONIZING GENERATORS 

BUS BAR (LINE) 

 ,(Y  

• 
LAMPS 

GI 62 

The voltage of GI is brought up to line voltage. If the 
bulbs are lighted, there is a voltage difference between the 
generators, and therefore they are not in phase. In actual 
practice, the lights flash rapidly at first, as the operator 
adjusts the speed of GI, then more and more slowly until 
they become dark. At this point the operator closes SI, and 
the machine is on the line. The lights flash because the volt-
ages are going in and out of phase with each other when 
the generators do not have exactly the same frequency. Con-
siderable damage may result if the switch is closed when 
the lights are flashing, so this operation must be done only 
by qualified operators. 

Q22. Why do the lights flash instead of remaining con-
stantly lighted? 

Q23. What three conditions must be met before two AC 
generators can be paralleled? 

Q24. When synchronizing generators by the method 
above, what indicates that it is not safe to close 
the switch? 
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A22. The lights flash because the voltages come in and 
out of phase with each other when the generators 
do not have exactly the same frequency. 

A23. Before two generators are paralleled their fre-
quencies must be equal, their voltages must be 
equal, and they must be in phase with each other. 

A24. The switch must not be closed when the bulbs are 
lighted. 

Paralleling Three-Phase Generators 

The same general principles apply when paralleling three-
phase generators as when paralleling single-phase gener-
ators. The voltages must be the same, the frequencies must 
be equal. and the generators must be synchronized. 

PHASING OUT A GENERATOR 

Care must be taken that the three phases are in the right 
sequence. If the phases are reversed in the generator being 
placed on the line, it will be damaged. In order to avoid this 
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situation, the following test is performed before paralleling 
the machine. This is called phasing out the generator. 
Look at the figure at the bottom of the opposite page. With 

both G1 and G, operating at the proper voltage and fre-
quency, all lights must flash together and grow dark to-
gether. If they take turns in flashing, the connections to 
two of the phases of G, must be exchanged. When all the 
lights are dark, the machines are synchronized, and the 
switch ( S) may be closed. This brings G, on the line. 
When generators are operating in parallel, the frequency 

of all the generators remains the same. If one generator 
were to try to speed up or slow down, it would immediately 
be overloaded or underloaded and returned to the correct 
speed. 

All THREE GENERATORS HAVE THE SAME SPEED 

For instance, say that G., in the figure above tries to speed 
up. Additional load is immediately placed on this generator. 
This tends to hold the speed down. This action keeps all of 
the generators operating at the same speed. 

Q25. Why is it necessary to phase out a three-phase 
generator before paralleling it with another three-
phase generator? 

Q26. What is indicated if all the bulbs do not flash at 
the same time when phasing out a generator? 
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A25. Phasing out a three-phase generator before paral-
leling it with another generator is necessary to be 
sure the phases of both generators are in the same 
sequence. 

A26. If all the bulbs do not flash at the same time, the 
connections to two phases of the oncoming machine 
have been exchanged. 

WHAT YOU HAVE LEARNED 

1. AC generators are called alternators and are composed 
of three basic parts—armature, field, and prime mover. 

2. The armature of an alternator is the assembly of coils 
in which the output voltage and current are induced. 

3. The armature is often the nonrotating part of an alter-
nator because it is easier to take high voltages and cur-
rents from it in this arrangement. 

4. The field of an alternator is produced by a DC current 
in the field windings. 

5. The prime mover of an alternator can be any sort of 
device that turns the generator shaft. 

6. The synchronous alternator is the basic AC generator. 

7. A synchronous alternator is usually supplied with DC 
exciter current from a flat-compounded DC generator 
which is often coupled to the shaft of the alternator. 

8. The inductor alternator is used to generate very high 
frequencies by means of a vibrating magnetic field. 

9. The induction alternator is used to convert normal fre-
quencies of AC to higher or lower frequencies for special 
purposes. It uses three-phase AC to set up a rotating 
magnetic field and a motor to vary the relative motion 
of the armature and the field. 

10. A single-phase alternator delivers a single sine-wave 
output between two terminals. 

11. Polyphase alternators have several independent wind-
ings and provide several sine-wave outputs. 
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12. The outputs of a two-phase alternator are normally 90 
electrical degrees apart. 

13. The two outputs of a two-phase alternator can be con-
nected separately in a four-wire system, or one side of 
each output can be combined to provide a three-wire 
system. 

14. In a three-wire, two-phase system, the two equal volt-
ages of each phase combine to give a between-phase 
voltage 1.41 times the single-phase voltage. 

15. A three-phase alternator has three phases 120' apart. 

16. The between-phase voltage of a three-phase, wye-con-
nected machine is 1.73 times the single-phase voltage. 

17. Three-phase power is more efficiently and easily trans-
mitted than single-phase power. 

18. The type of load causes the voltage change due to arma-
ture reaction to vary. An inductive load causes the 
voltage to drop; a capacitive load causes the voltage to 
rise. 

19. The frequency of an alternator depends on the number 
of field poles and the speed; it can be found by the 

P X formula f — S. P is the number of poles and S 
120 

is the speed in rpm. 

20. Large power plants have devices for automatic fre-
quency control because the speed of most motors, clocks, 
etc., depends on frequency. 

21. Power plants also have automatic voltage regulation to 
provide a relatively constant voltage output. 

22. The output voltage of an alternator is regulated by 
varying the DC exciter current with a mechanical or 
electronic voltage-sensitive device. 

23. To be placed in parallel, alternators must be at the same 
voltage, at the same frequency, and synchronized. 

24. Lamps can be used to synchronize alternators. When 
the lamps connected between the lines to be paralleled 
all flash at the same time and then go dark, the two 
machines are synchronized. There is no voltage differ-
ence between the lines when the lamps are dark. 
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THREE-PHASE CURRENTS 

5 
AC Motors 

In this chapter you will 

What You learn how a three-phase 
AC power supply is used 

Will Learn to create a rotating mag-
netic field. You will discover 

how this rotating field is used to turn synchronous and 
induction motors. You will find out how to recognize 
these motors, and you will learn their characteristics 
and applications. You will become familiar with the 
basic types of starting devices for AC motors, when they 
are needed, and their advantages and disadvantages. 

THREE-PHASE FIELDS 

Remember that single-phase power is generated when a 
single constant magnetic field is rotated through a single 
winding (or vice versa). Three-phase power is generated 
in a similar manner when a magnetic field rotates in a three-
phase winding. When single-phase power is fed into a 
single-phase winding, only a pulsating magnetic field is 
created. But a rotating magnetic field is created when three-
phase power is fed into a three-phase winding. 
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The figure below shows the direction of the magnetic field 
produced by each phase winding. In the figure at the bot-
tom of the opposite page, the current in phase 1 does not 

PRODUCTION OF A ROTATING FIELD 
FIELD PRODUCED B`r PHASE 1 F IELD PRODUCED BY PHASE 3 

1 
FIELD PRODUCED BY PHASE 2 f71 

co 

stop suddenly, nor does the current start suddenly in phase 
2. In other words, the phase-2 current is increasing at the 
same time that the phase-1 current is decreasing. In the 
same way, the phase-1 field does not suddenly disappear, 
and the phase-2 field does not suddenly appear. The phase-1 
field decreases while the phase-2 field increases. The com-
bined field does not jump suddenly from the position shown 
in part A of the figure above to the position shown in part 
B. Instead, it moves smoothly from one position to the other 
as the phase-1 current decreases and the phase-2 current 
increases. In a similar way, the field moves from the posi-
tion shown in B to the position shown in C as the phase-2 
current decreases and the phase-3 current increases. The 
magnetic field produced by the three-phase winding rotates 
just as the field winding in the alternator below rotates. 

FIELD 
WINDING 
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SYNCHRONOUS MOTORS 

Three-phase synchronous motors are similar in construc-
tion to three-phase synchronous generators. Both have a 
three-phase stator and a DC-powered field coil wound on the 
rotor. The electrical similarity can be seen from a compari-
son of the figure below with the figure at the bottom of the 
opposite page. 

THREE-PHASE 

SYNCHRONOUS MOTOR 

DC FIELD COIL 

3-PHASE 
STATOR 

As the magnetic field in the stator rotates, the constant 
DC field rotates to keep aligned with it. As you can see, the 
speed of this motor depends on how fast the magnetic field 
rotates. The speed of the magnetic field depends on the 
frequency of the three-phase AC source. The synchronous 
motor cannot operate at any speed except that of the rotat-
ing field, which is called synchronous speed. Synchronous 
motors are used where it is important to maintain constant 
speed. 

Ql. What sort of magnetic field is created in a single-
phase winding fed with a single-phase AC current? 

Q2. Three-phase power fed to a three-phase winding 
creates a magnetic field. 

Q3. The speed of the rotating field produced by a three-
phase winding is called   

Q4. What type of three-phase motor is used when it is 
necessary to maintain a constant speed? 
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Your Answers Should Be: 

Al. A single-phase current in a single-phase winding 
creates a pulsating magnetic field. 

A2. Three-phase power fed to a three-phase winding 
creates a rotating magnetic field. 

A3. The speed of the rotating field produced by a three-
phase winding is called synchronous speed. 

A4. A three-phase synchronous motor is used when 
constant speed is necessary. 

POWER FACTOR 

It was explained earlier that the power factor of the load 
determines how much DC field current an alternator requires 
to maintain a given output voltage. An inductive load (lag-
ging power factor) causes a large voltage drop due to 
armature reaction, and a relatively high DC excitation is 
therefore required to maintain a given voltage. A capacitive 
load (leading power factor) requires relatively low ex-
citation because the armature reaction strengthens the 
main field. A resistive load requires a normal amount of 
excitation. 
Something similar to what happens in an alternator hap-

pens in a synchronous motor. The power factor of a syn-
chronous motor can be controlled by varying the field 
current. The amount of DC current required to cause a 
motor (at a given load) to operate at unity power factor is 
known as a normal excitation. 

If the DC current to the machine is less than the normal 
value, the motor will operate with a lagging power factor 
(like an inductor). If the DC current to the machine is 
higher than the normal value, the motor will operate with 
a leading power factor (like a capacitor). 
Synchronous motors are often operated at less than rated 

load but with overexcitation so that they help correct the 
power factor of a system. When a synchronous motor oper-
ates at no load and strictly for the purpose of correcting a 
system power factor, it is called a synchronous capacitor. 
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POLYPHASE INDUCTION MOTORS 

The most important type of polyphase induction motor is 
the 3-phase motor. Induction motors have two types of 
rotors, the wound rotor and the squirrel-cage rotor. The 
principle of operation is the same for both types. 
A basic induction motor has neither slip rings nor a com-

mutator. The rotating three-phase field of the stator induces 
a voltage in the rotor windings (hence the name induction 

BASIC 

THREE-PHASE 

INDUCTION 

MOTOR 

INDUCED 
CURRENT 

STATOR 
/ 

INDUCED 

FIELD 

ROTOR • 

motor). This voltage, in turn, creates a large current in the 
rotor circuit. The current is large because the only resist-
ance opposing it is the resistance of the wires. This high 
current in the rotor loop creates a magnetic field of its own. 
The rotor field and the stator field tend to attract each other. 
This situation creates a torque which spins the rotor in the 
same direction as the rotation of the magnetic field produced 
by the stator. 

Q5. The power factor of a synchronous motor can be 
varied by varying the  

Q6. A synchronous motor operated without load and 
used only to provide power-factor correction is 
called a  

Q7. Current is induced in the rotor of an induction 
motor by the rotating   of 
the stator. 

Q8. Two types of rotors used in induction motors are 
the   rotor and the   
rotor. 

125 



Your Answers Should Be: 

A5. The power factor of a synchronous motor can be 
varied by varying the field current. 

A6. A synchronous motor operated without load and 
used only to provide power-factor correction is 
called a synchronous capacitor. 

A7. Current is induced in the rotor of an induction 
motor by the rotating magnetic field of the stator. 

A8. Two types of rotor used in induction motors are the 
wound rotor and the squirrel-cage rotor. 

Squirrel-Cage Motors 

Squirrel-cage induction motors are extremely rugged and 
trouble-free machines. They have heavy copper bars around 

A SQUIRREL-CAGE ROTOR 

SHORTING RINGS 

COPPER BARS 

the rotor instead of a wire winding. The winding resembles 
a squirrel cage, from which it derives its name. The squirrel-
cage motor has the advantages of requiring practically no 
maintenance and of costing much less than a wound-rotor 
motor. 
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Wound-Rotor Motors 

In the wound-rotor motor, the rotor is not connected to 
any outside source of power. In order for this type of motor 
to operate, the terminals of all the rotor windings must be 
connected together either directly or through a resistor 
bank. This is accomplished by means of brushes and by slip 
rings connected to the ends of each winding. In effect, this 
allows the operator to control the resistance of the rotor 
windings. 

WOUND-ROTOR INDUCTION MOTOR 

THREE-PHASE 
STATOR 

VARIABLE RESISTANCE 
CONNECTING ENDS OF ROTOR WINDING 

THREE-PHASE ROTOR 
'WINDING 

SLIP RINGS 

Q9. In a squirrel-cage rotor,   serve 
as the conductors. 

Q10. Name two advantages of squirrel-cage motors. 

Q11. Do the brushes feed external power into the rotor 
of a wound-rotor motor? 
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Your Answers Should Be: 

A9. In a squirrel-cage rotor, copper bars serve as the 
conductors. 

A10. Squirrel-cage motors are very rugged and require 
almost no maintenance. They are relatively inex-
pensive. 

All. The brushes do not feed external power into the 
rotor of a wound-rotor motor; they simply connect 
the ends of the windings. 

SLIP 

The speed of an induction motor can never be quite equal 
to synchronous speed. Synchronous speed is the speed of the 
rotating field (3,600 rpm for 2-pole machines and 1,800 rpm 
for 4-pole machines if the frequency is 60 cps). If the rotor 
moved at this speed, no magnetic lines of force would move 
across its conductors and no voltage would be induced in the 
rotor. An induction motor cannot be operated at synchro-
nous speed; it can only approach it. 
The difference between the synchronous speed of the mag-

netic field and the actual speed of the motor is called slip. 

Slip = Synchronous speed — Actual speed 

Percentage of slip in an induction motor is given by the 
formula: 

(/( Slip — SS —ss SA X 100 

where, 

Ss is the synchronous speed in rpm, 
SA is the actual speed in rpm. 

For example, what is the slip and the percent of slip in a 
two-pole, 60-cps induction motor whose speed at full load is 
3,450 rpm? 

Slip = Synchronous speed — Actual speed 
= 3,600 — 3,450 = 150 rpm 

150 % —  ' • 3 600 — 3'450 X 100 = — 4.16% 
3,600 3,600 
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In most induction machines the full-load slip varies from 
4 to 6 Y. The number of phases, whether one, two, or three, 
does not matter when calculating slip values. 
The resistance of the rotor circuit can be varied in a 

wound-rotor motor. The slip depends on this resistance (a 
greater resistance causes a greater slip). Therefore, it is 
possible to control the speed of a wound-rotor motor by 
choosing the proper resistance bank in the rotor circuit. 
When starting induction motors which have a load attached 
at all times (such as a flywheel), maximum starting torque 
can be provided by varying the resistance of the wound rotor 
to the correct value. 
A double-squirrel—cage motor takes advantage of the same 

effect to obtain improved starting torque. This type of motor 
has two separate squirrel-cage windings. One has a high 
resistance to provide good starting torque. The other has a 

RA SIC CONSTRUCTION OF A D01181E-SQUIRREL-CAGE ROTOR 

H I GH-RES I STANCE 
SQUIRREL CAGE 

LOW-RESISTANCE 
SQUIRREL CAGE 

Q12. What is synchronous speed? 

Q13. What is slip? 

Q14. If a four-pole motor is supplied from a 60-cycle 
source and operates at 1,750 rpm, what is the 
percentage of slip? 

Q15. The speed and torque of an induction motor can be 
controlled by varying the   of the 
rotor circuit. 
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Your Answers Should Be: 

Al2. Synchronous speed is the speed of the rotating 
magnetic field. 

A13. Slip is the difference between the synchronous 
speed and the actual speed of the motor. 

A14. Synchronous speed for a four-pole, 60-cycle motor 
is 1,800 rpm. 

1,800 — 1,750  
% Slip — X 100 = 2.8% 

1,800 

A15. The speed and torque of an induction motor can 
be controlled by varying the resistance of the 
rotor circuit. 

SINGLE-PHASE AC MOTORS 

Single-phase AC motors are usually limited in size to 
about two or three horsepower. There are many different 
types found in almost every household and industrial build-
ing. In the home there are single-phase motors in air con-
ditioners, air heaters, refrigerators, sewing machines, fans, 
ventilating units, and many other household appliances. 

Since they have so many uses, there are many different 
types of single-phase motors. Some of the more common 
types are repulsion, universal, and single-phase induction 
motors. Single-phase induction motors include shaded-pole, 
split-phase, capacitor, and repulsion-induction motors. 

Single-Phase Induction Motors 

Single-phase induction motors have no means of starting 
by themselves. In a single-phase motor the field of the stator 
windings does not rotate as it does in a three-phase induc-
tion motor. The magnetic field set up in the stator by the 
AC power supply stays lined up in one direction. This mag-
netic field, though stationary, pulsates as the voltage sine 
wave does. The pulsating field induces a voltage in the rotor 
windings, but the rotor field can only line itself up with the 
stator field. Therefore, since the stator field is stationary, 
the rotor field is also stationary. Before it can start, the 
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rotor must be turning so that there is, in effect, some slip 
and the two fields are not exactly lined up. 
The single-phase induction motor acts much like the pedals 

of a bicycle. When the pedals are exactly lined up with the 
direction of the up-and-down motion of the rider's feet, the 
pedals will not turn. Once a slight turn has started them, 
inertia carries the pedals past the center point, and the pul-
sating up-and-down motion keeps the rotating motion going. 

It is necessary then to find some means of giving the sin-
gle-phase AC motor a means of starting the rotor into 
motion. Once the rotor is spinning at a reasonable rpm, its 
inertia will carry it through the dead-center position so that 
it will be kept rotating by the stationary field. An auxiliary 
starting system is required. The starting methods make up 
the primary differences between induction-motor types. 

Q16. What is the largest size in which single-phase 
motors are usually made? 

Q17. Name the three types of single-phase motors. 

Q18. What are four types of single-phase induction 
motors? 

Q19. The magnetic field of a single-phase motor (does, 
does net) rotate. 
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Your Answers Should Be: 

A16. The largest size in which single-phase motors are 
usually made is two to three horsepower. 

A16. Three types of single-phase motor are the repul-
sion, universal, and single-phase induction motor. 

A18. Single-phase induction motors include shaded-
pole, split-phase, capacitor, and repulsion-induc-
tion motors. 

A19. The magnetic field of a single-phase motor does 
not rotate. 

Shaded-Pole Motors 

Shaded-pole motors are usually very small. They have a 
constant speed, and are usually in a size range of about 1/50 
HP. The stator windings are arranged as shown below. 

POLE P lE CE 
STATOR WINDINGS 

MAIN FIELD IN A 
— COIL 

SHADED-POLE 

SHADING MOTOR 
COIL 

The shading coil is short-circuited. As the field in the 
pole piece builds up, a current is induced in the shading coil. 
This current causes a magnetic field that opposes the main 
field. The main field will therefore concentrate on the oppo-

ACTION OF SHADING COIL  

AS FIELD STRENGTH INCREASES 

SHADING COIL 
WEAKENS MAIN FIELD 

FIELD IS CONCENTRATED ON ONE SIDE OF POLE 
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site side of the pole piece. The result is that the field in the 
part of the pole piece inside the shading coil reaches a max-
imum intensity later than the rest of the field. As the field 
in the part of the pole opposite the shading coil begins to 
decrease, the shading-coil field will start aiding the main 
field, and the concentration of flux moves to the other edge 
of the pole piece. The resulting field in the part of the pole 
piece inside the shading coil reaches zero after the main field. 

ACTION OF SHADING COIL AS FIELD STRENGTH DECREASES 

SHADING COIL AIDS 
MAIN FIELD 

MAIN FIELD CONCENTRATED ON ONE SIDE CF POLE 

The effect of the shading coil is to produce a small sweep-
ing motion of the main field from one side of the pole piece 
to the other as the field pulsates. This slight rotating motion 
is enough to start the motor. 

APPARENT MOTION OF FIELD PRODUCED BY SHADING COIL 

DIRECTION OF SWEEPING MOT ION 

- OF FIELD 

Q20. Shaded-pole motors usually have   horse-
power ratings. 

Q21. The field in the part of the pole piece inside the 
shading coil reaches maximum   the rest 

of the field. 
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Your Answers Should Be: 

A20. Shaded-pole motors usually have small horsepower 
ratings. 

t., 
A21. The field in the part of the pole piece inside the 

shading coil reaches maximum after the rest of 
the field. 

Split-Phase Motors 

Split-phase motors usually have ratings of 3/4 HP or less. 
They have two separate coils—a main coil of large wire and 
a starting coil of small wire. Both coils are placed in the 
motor in the same positions they would have if the machine 
were a two-phase motor. If the coils have the same number 
of turns, they have the same inductance. However, the start-
ing coil has a higher resistance because it is wound with 
smaller wire. When the same voltage is applied to both 
windings, the current in the main coil lags behind the cur-
rent in the starting coil. The two windings produce a rotat-
ing field in much the same way that a rotating field is 
produced in a two-phase motor. This rotating field causes 
the motor to start. 

MAIN 
COIL 

ROTATION 

OF FIELD 

STARTING 
COIL 

PRINCIPLE OF THE 
SPLIT-PHASE MOTOR 

If used to run the motor, the starting winding is likely to 
burn out because of the small wire from which it is made. 
For this reason, a centrifugally operated switch is used to 
disconnect the starting winding when the motor reaches 
about 60 % of operating speed. 
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Capacitor Motors 

Capacitor motors have two stator windings. A large capac-
itor is connected in series with one of the windings. The 
single-phase input voltage produces two currents (one in 
each winding). One current is shifted out of phase with the 
applied voltage by the capacitor. This creates a starting 
torque similar to that of a two-phase motor. 

Capacitor-Start, Capacitor-Run Motor—In this type of 
motor the starting capacitor stays in the system at all 
times. This type of machine is made in sizes from 1/8 to 10 
HP. It has a relatively high power factor. 

CAPACITOR MOTORS 

Capacitor-Start, 

Capacitor-Run 

CAPACITOR 
OUTSIDE FRAMEI 

ROTOR 

CENTRIFUGAL SWITCH 

—de/ 

INPUT 

VOLTAGE 

apacitor-Start With 

Centrifugal Switch 

Capacitor-Start Motor—This motor starts with a capaci-
tor in series with one of the windings. At about 75% of 
full speed a centrifugal switch opens the capacitor-winding 
circuit, and the motor operates as a single-phase inductor 
motor. This type is made in sizes from 1/8 to 3/4  HP. 
Two-Value, Capacitor-Start, Capacitor-Run Motor—This 

type combines the features of both capacitor-start and capac-
itor-start, capacitor-run motors. It has two capacitors in 
series with one winding and a centrifugal switch which cuts 
out one capacitor at about 75 '; of full speed. This type of 
machine has ratings from Y8 to 10 HP. It has many indus-
trial applications. 

Q22. The various starting methods for single-phase in-
duction motors all create a magnetic 
field. 

Q23. Why is a centrifugal switch used in a split-phase 
motor? 
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Your Answers Should Be: 

A22. The various starting methods for single-phase 
induction motors all create a rotating magnetic 
field. 

A23. The starting winding of a split-phase motor would 
overheat if left connected. The centrifugal switch 
disconnects the starting winding when the motor 
reaches about 60 ' ; of full speed. 

Repulsion Motors 

The repulsion motor has an armature and commutator sim-
ilar to that of a DC machine. The two brushes are connected 
by a low-resistance wire. 

REPULSION-INDUCTION MOTOR 

MAIN FIELD 

COMMUTATOR 
SHORT-CIRCUITING 
BRUSHES 

The stator windings (actually two windings in series) pro-
duce a current in the rotor windings by induction. This 

current produces magnetic poles in the rotor, their location 
depending on the position of the brushes. When the field of 
the rotor is at an angle with the main field, a torque is 
created by the interacting fields. The rotor moves in a direc-
tion to turn its field away from the main field, but as it 
moves, the brushes come into contact with a different pair 
of commutator segments and shift the field back. 
There is no starting problem in a repulsion motor. They 

have good starting torque and are used where heavy starting 
loads are expected. 
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Repulsion-Induction Motors 

The repulsion-induction motor has a wound rotor with a 
commutator. Shorting brushes make contact with the com-
mutator, and the motor starts as a repulsion motor. As the 
motor nears full speed, a device short-circuits all the com-
mutator bars. The motor then runs as an induction motor 
and operates at nearly constant speed. Its speed cannot be 
adjusted. This type of motor is made in sizes ranging from 
2 HP to 10 HP. 

Universal Motors 

One of the most versatile motors is the universal motor 
which operates on either DC or single-phase AC. These 
machines have high starting torque and high slip. They are 
usually in the fractional-horsepower range and are used in 
small appliances, electric drills, etc. 

eNiefeemi 
MOTOR 

As you recall, a DC series motor will continue to turn in 
the same direction if the line connections are reversed. A 
series DC motor will therefore work on AC. In fact, a uni-
versal motor is simply a DC series motor whose windings 
and pole pieces are designed to operate efficiently with AC 
power. 

Q24. A repulsion motor (does, does not) have a com-
mutator. 

Q25. Repulsion motors have a — — starting torque. 

Q26. A universal motor can be operated on both -- and 
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Your Answers Should Be: 

A24. A repulsion motor does have a commutator. 

A25. Repulsion motors have a high starting torque. 

A26. A universal motor can be operated on both AC and 
DC. 

INDUCTION-MOTOR STARTING 

When voltage is first applied to a three-phase induction 
motor, the current drawn is sometimes six or seven times 
higher than the normal running current. However, this 
current decreases rapidly as the machine gathers speed. In 
the case of a squirrel-cage induction motor, the starting 
current will not usually damage the motor itself, but it may 
create an undesirable voltage fluctuation in the power sys-
tem. It is therefore customary when starting to apply full 
rated voltage only to the smaller squirrel-cage induction 
motors. Reduced starting voltage is applied to the larger-
sized machines. The reduced voltage can be applied by 
means of an autotransformer, a series resistor, or a series 
reactor. 

STARTING A SQUIRREL-CAGE MOTOR 

WITH A COMPENSATOR 
COMPENSATOR 

TH
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E-
PH
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The autotransformer method is shown above. The group 
of autotransformers used to limit starting current is called 
a compensator. When the motor reaches running speed, the 
compensator is bypassed and the full voltage is applied. The 
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autotransformer will dissipate almost no power. (Only a neg-
ligible amount will be dissipated by the resistance of its 
windings.) 
Another method of starting is to insert a resistor in series 

with each of the three motor windings, as shown below. The 
resistors will dissipate power. 

STARTING A SQUIRREL-CAGE MOTOR WITH RESISTORS 
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C-
MOTOR 

A third method of starting a squirrel-cage motor is to use 
series coils (reactors). A coil with relatively high inductive 
reactance is inserted in series with each of the motor coils 
as shown below. When the motor has picked up speed, the 
switches are closed to bypass the reactors. 
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STARTING A SQUIRREL-CAGE MOTOR WITH INDUCTORS 

X 
MOTOR 

% 
S 

X 

S 

( 
Q27. Name three methods of limiting the starting cur-

rent in an induction motor. 

Q28. Would a 1/4 -horsepower, single-phase, squirrel-cage 
induction motor normally require a starter? 
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Your Answers Should Be: 

A27. The starting current in an induction motor can be 
limited by using compensators (autotransform-
ers) , series resistors, or series reactors (coils). 

A28. A 1/4 -horsepower, single-phase, squirrel-cage in-
duction motor normally requires no starter. 

WHAT YOU HAVE LEARNED 

1. When three-phase power is supplied to a three-phase 
winding, a rotating magnetic field is created. 

2. A synchronous three-phase motor has a DC-excited field 
that interacts with the rotating field created by the 
three-phase AC power supply and causes the rotor to 
turn at the same speed as the magnetic field. 

3. Synchronous motors are used to provide constant 
speeds. 

4. The power factor of a synchronous motor varies accord-
ing to the atnount of DC excitation. When the DC field 
current is below normal, the motor has a lagging power 
factor and behaves as an inductor. When the DC field 
current is at the normal excitation value, the machine 
presents a purely resistive load and has a power factor 
of one ( unity). When the DC field current is above the 
normal excitation value, the motor has a leading power 
factor and acts as a capacitor. 

5. In a polyphase induction motor, the rotating magnetic 
field induces a current in a short-circuited rotor wind-
ing, and motor action occurs when the field created in 
the rotor interacts with the main field. 

6. There are two types of polyphase induction motors— 
squirrel-cage and wound-rotor. 

7. A squirrel-cage motor has a rotor winding composed of 
copper bars embedded in the iron rotor core. A wound 
rotor has conventional wire windings. 

8. Squirrel-cage motors are rugged and require very little 
maintenance. Therefore, they are relatively inexpensive. 

9. An induction motor cannot operate at synchronous 
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speed. The difference between the speed of the rotating 
magnetic field and the motor speed is called slip. 

10. The greater the resistance of the rotor winding of an 
induction motor, the greater is the slip. 

11. Wound-rotor induction motors have a variable rotor 
resistance that is controlled by the operator and con-
nected to the rotor through slip rings and brushes. 

12. Single-phase induction motors must have some arrange-
ment to create a rotating magnetic field for starting the 
machine. Single-phase induction motors are classified 
according to the starting method used. 

13. Shaded-pole motors create a rotating-field effect by 
means of a short-circuited shading coil on one edge of 
the pole piece. This coil produces a field that first 
weakens and then aids the main field. 

14. Split-phase motors have a high-resistance starting 
winding whose current and field are more nearly in 
phase with the applied voltage than those of the main 
winding. The combined field of the two windings creates 
a rotating-field effect. 

15. A centrifugal switch is used to disconnect the high-
resistance starting winding after a split-phase motor 
has picked up speed. This is done so that the starting 
winding will not burn out. 

16. Capacitor motors use capacitors in series with one of 
the windings to produce a phase shift similar to that of 
a split-phase motor. 

17. Capacitor-start, capacitor-run motors keep the capaci-
tive winding in the circuit at all times. Capacitor-start 
motors have a centrifugal switch to disconnect the 
capacitive winding after the motor has started. 

18. Repulsion motors have a wound rotor and a commu-
tator that is short-circuited by brushes. This motor has 
a high starting torque. 

19. A universal motor is similar to a series DC motor. 

20. Starting current for large induction motors is limited 
in one of three ways—with a compensator (autotrans-
formers) , with series resistors, or with series reactors. 
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Three-Phase Systems 

In this chapter you will 

What You learn how three-phase 
power is generated and 

Will Learn distributed. You will be-
come acquainted with the 

various ways in which three-phase alternators, motors, 
and transformers can be connected. You will be able to 
tell the difference between line voltage and current and 
phase voltage and current, and you will learn how to find 
one if the other is known. You will also learn how to 
calculate and measure power in three-phase systems. 

THREE-PHASE GENERATION AND DISTRIBUTION 

Throughout the world, power plants produce huge quan-
tities of electrical power in order to supply the ever increas-
ing requirements for light, electric heating, and heavy 
industry. Nearly all of this power originates from three-
phase generators. The voltage is stepped up by transformers 
for transmission and further transformed to lower and 
higher voltages according to need. The power is eventually 
used in either three-phase or single-phase devices. 
Voltages and frequencies are usually standardized. In the 

United States, for example, the frequency is 60 cycles per 
second for the major portion of the country. A frequency of 
25 cps was quite common at the beginning of this century, 
and a few 25-cps units are still in operation. In Europe, both 
50 cps and 60 cps frequencies are used, but the trend is 
toward adopting a uniform 60-cps frequency. 
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The great majority of the generators producing three-
phase power are synchronous generators. This type is 
chosen because of its very high efficiency—as high as 99 ' 
for very large units—and for its ability to maintain a very 
steady voltage and frequency output. 

All large power-generating systems have three basic corn-
Ponents—a prime mover, a three-phase alternator, and a 
DC field exciter. The prime mover provides the mechanical 
power necessary to turn the rotor of the alternator and the 
exciter. Hydraulic turbines (driven by falling water), steam 
turbines, and Diesel engines are all possible prime movers. 

Steam and hydraulic turbines are the most common. 
The three-phase alternator produces three-phase elec-

tricity at a given voltage and frequency. The voltage output 
may be varied to some extent by changing the DC excita-

tion value, and the frequency may be varied by changing 
the speed of the rotor. Voltage and frequency regulating 
equipment is used to keep these quantities constant. 
The DC field excitation provides control of the output volt-

age. The DC is monitored and controlled by a voltage regu-
lator. The DC generator is usually mounted directly on the 
same shaft as the alternator or coupled to the alternator 

shaft by a belt drive. 

THREE PHASE 
POWER 

WATER-

ALTERNATOR 

TURBINE 

HYDROELECTRIC GENERATING PLANT 
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Water-driven generators are operated at low speeds. A 
typical speed is 200 rpm. Falling water enters the turbine 
case and spins the turbine which is connected to a shaft. 
This shaft rotates the alternator and exciter rotors. All 
units are usually mounted vertically. Such a generating 
system is called a hydroelectric plant. 
The speed of a steam-driven generator is normally 3,600 

rpm (for 60 cps). Some generators operate at 1,800 rpm, 
although these are less common. In a steam-generator plant, 
the components are arranged horizontally. Steam from an 
oil- or coal-fired boiler system, or from a system heated by 
an atomic reactor, is piped to the turbine. The steam ex-
pands and pushes against the blades, causing the turbine 
shaft to rotate. The shaft turns the rotors of the alternator 
and exciter. 

STEAM GENERATOR PLANT 

THREE-P1-1ASE OUTPUT 

THREE-PHASE 
ALTERNATOR ALTERNATOR 

ROTOR 

EXCITER 
ROTOR 

T"'" 
EXCITER 

TURBINE BLADES 

IL 

STEAM 
TURBINE 

(PR IME MOVER/ 

IL 

STEAM OUI mum> 

BOILER 

::\ 

Ql. The standard frequency for AC in most of the world 
is _ _. 

Q2. Three essential parts of a generating system are 
the    , and 
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Your Answers Should Be: 

Al. The standard frequency for AC in most of the 
world is 60 cps. 

A2. Three essential parts of a generating system are 
the prime mover, alternator, and exciter. 

Transmission of Power 

After power is generated at the power plant, the voltage 
is usually stepped up for transmission. Voltages such as 
69,000V are common. By stepping the voltages up to these 
high values, it is possible to transmit large amounts of power 
with relatively low currents. The low currents can be car-
ried by smaller wires in the transmission lines. Less copper 
is needed and less power is lost. (Power loss in a line is 
equal to I2R.) As you will see, three-phase power lines use 
less copper than lines designed to carry the same amount of 
single-phase power at the same voltage. 
For most household uses the three-phase power is finally 

split up into single-phase, 120-volt AC. For many industrial 
applications, it is used as three-phase power. For example, 
three-phase power is used to drive three-phase induction 
and synchronous motors. The winding connections used in 
three-phase alternators, transformers, and motors make it 
possible to transmit power with four or even three con-
ductors. Since these systems of winding connections appear 
wherever three-phase power is used, it is important for you 
to understand them. 

WYE CONNECTION 

The wye-connected system is probably the most common 
type of three-phase connection. The wye connection is also 
called a star connection. It is usually diagrammed as shown 
on the next page. Generators, motors, transformer wind-
ings, capacitors, resistors, etc., can all be connected in the 
same arrangement. Each phase is 120 electrical degrees 
away from the other two phases. The diagram resembles 
the letter Y, from which the name "wye" was taken. 
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The three windings in a wye connection are not only 120 
electrical degrees apart, but they are also connected to a 
single common point. The ends of the three arms of the Y 
represent the three external ends of the windings. The cen-
ter of the Y represents the three ends that are connected 
together and is called the neutral point or common point. 

WYE CONNECTION 

PHASE OR WINDING 

120 / 

1200 

NEUTRAL POINT 

Connection Diagram 

The neutral point is normally grounded (connected to the 
earth or a large mass of metal), in which case the wye con-
nection is as shown below. This system is called a three-
phase, four-wire wye connection. 

WYE CONNECTION WITH 
GROUNDED NEUTRAL 

GROUNDED 
NEUTRAL 

Q3. Why is the generator voltage stepped up before 
power is transmitted? 

Q4. In a wye connection, one end of each phase or wind-
is connected to the point. 

Q5. The neutral point is usually  
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Your Answers Should Be: 

A3. High transmission voltages are used so that power 
can be transmitted with lower currents. 

A4. In a wye connection, one end of each phase or wind-
ing is connected to the neutral point. 

A5. The neutral point is usually grounded. 

Voltage in a Wye-Connected System 

In the case of a wye-connected generator with grounded 
neutral, there are several voltages that can be measured at 

its outputs. These voltages are shown in the diagram below 
and are as follows: 

EAB—The voltage between A & B 

EcA—The voltage between C & A 

Em—The voltage between B & C 

EAN—The voltage between A & neutral (N) 

ERN—The voltage between B & neutral 

ErN—The voltage between C & neutral 

e ::••,. •:. 
•::: 

•::: :::: 
:::• 

.:.: 
e: e 
.:: 
:::::::::::::::•:.»:•:.:.:•::::::::::::::::::::::.:.:.:+:.:+::::::::::::::::::::::::::::::::::.:.:.:.:.::::::::::::::::::::::::::::::::::::::>:::::::::::a 
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In most eases, the voltages between each phase terminal 
and the neutral are equal. Thus, EAN = EIS>: = El'N. The 
voltages between any two phases will then also be equal. 

Thus, EAB = E1 = ECA. 
The diagram below indicates how the voltages add. Just 

as the distance from A to B is greater than the distance 
from A to N, the voltage between A and B is greater than 
that between A and N, and so on. The voltage between any 
one phase terminal and the neutral (say EAN) is considerably 
lower than any phase-to-phase voltage (say EAR ). 

173V 

120° 

120o 

173V 

VOLTAGE RELATIONSHIPS 

IN A 

WYE-CONNECTED SYSTEM 

The phase-to-phase voltage is the between-the-lines volt-
age, or simply the line voltage. The voltage between a line 
and the neutral is the phase voltage. Because of the phase 
relationships, the line voltage is 1.73 times the phase voltage 
in a wye-connected system if the phase voltages are equal. 

Q6. The voltage between any two lines of a wye-con-
nected, three-phase transmissions system is called 

the  
Q7. The voltage between one line and ground is called 

the  
Q8. How are these voltages related? 

173V 
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Your Answers Should Be: 

A6. The voltage between any two lines of a wye-con-
nected, three-phase transmission system is called 
the line voltage. 

A7. The voltage between one line and ground is called 
the phase voltage. 

A8. The line voltage in a wye-connected system is 1.73 
times the phase voltage if the phase voltages are 
all equal. 

Current in a Wye-Connected System 

The current flowing in a given line is called the line cur-
rent. The current flowing through any one winding is the 
current in a single phase and is called the phase current. 
The same current that flows through a line also flows 

through the windings to which it is connected in the wye 
system. Thus, the line current is equal to the phase current 
in a wye system. Note that this relationship applies to each 
phase individually. The current in one line does not neces-
sarily equal the current in another phase. 

15 AMPS 
LINE CURRENT 

PHASE 1 

PHASE 3 

PHASE 2 

40°eI 15 AMPS 
HASE CURRENT 

CURRENT RELATIONSHIPS IN A WYE-

CONNECTED SYSTEM 
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Summary of Wye-Connected Systems 

If a three-phase, wye-connected system is operating in 
the normal way, and if the phase voltage from A to N is 
100V rms, the voltages from B to N and C to N will also 
be 100V rms. The line voltage from A to B will be 1.73 times 
the phase voltage, or 173V rms. Line voltages from A to C 
and from B to C will also be 173V rms. If the current 
through line A is 15 amps, the phase current through 
winding A will also be 15 amps. 
Note that the effective values of voltage and current are 

usually used. These are the rms values (also called the 
root-mean-square values). The rms values determine how 
much power is dissipated. The same relationships between 
line and phase voltage and between line and phase current 
are also true if you wish to consider peak values. Remember 
that when comparing voltages or currents they must all be 
in the same units ( peak, rms, etc). 
Here is a typical problem. Suppose a resistive load, as 

shown below, is supplied power from a three-phase, wye-
connected alternator. The voltage between A and C is 208V 
and the current in each line is 10 amperes. 

WYE-CONNECTED GENERATOR AND LOAD 

Q9. What is the line voltage in this system? 

Q10. What is the phase voltage? 

Q11. What is the line current? 

Q12. What current flows through the alternator wind-
ings? 

Q13. What is the power used in each single-phase circuit 
in this system? 

Q14. What is the total power in all three phases? 
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Your Answers Should Be: 

A9. The line voltage is 208V. 

A10. The phase voltage is the line voltage divided by 
1.73. 

208V 
— 120V 

1.73 

All. The line current is 10 amps. 

Al2. The line current of 10 amps flows through the 
alternator windings. 

A13. The power in each single-phase circuit is E >< I 
X Power factor. 

120 >< 10 >< 1 = 1,200 watts 

A14. Since there are three single-phase circuits, the 
total three-phase power is 3 >< 1,200 = 3,600 
watts. 

Balanced Loads 

In the preceding example, all three line currents (and all 
phase currents) were equal. When all 3 currents in the lines 
are equal and are 120 electrical degrees apart, the load is 
said to be balanced. 
When a load is balanced, the three currents meet at the 

neutral point of the load and at the neutral point of the gen-
erator and cancel. This cancelling effect is due to the phase 
relationships of the currents to each other. As long as all 
three are equal, there is no current in the neutral wire. 

If the load is not balanced, current will flow in the neutral 
wire. The amount depends on the amount of current in each 
line and the phase relationships of the line currents to each 
other. It is always good practice to balance the load in any 
three-phase system when it is possible. 

Power 

You have found the power in a three-phase, wye-connected 
system with a balanced resistive load. This was done by 
multiplying phase current times phase voltage for each 
phase and then adding to find the total power. 
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Of course, if the load is inductive or capacitive, you must 
also multiply by the power factor. The formula for finding 
the power in any kind of balanced load in a wye-connected, 
three-phase system is: 

= II, X E,, X 3 X cos O 

where, 

PT is the total power, 
I, is the phase current, 
E1, is the phase voltage, 
cos O is the power factor. 

There is also another way of finding power in a three-
phase, wye-connected system with a balanced load. Since the 
phase voltage is always equal to the line voltage divided by 
1.73, then: 

line voltage X line current X 3 X power factor 
1.73 

Note that line current is the same as phase current and also 
3 

that 1.73 is the square root of 3. Therefore, .j_ = 1.73. 
73 

When the formula is simplified, it becomes: 

Pr = IL X EL x 1.73 >< cos O 

where, 

PT is the total power, 
I. is the line current, 
EL, is the line voltage, 
cos O is the power factor. 

Q15. Is the load balanced in a three-phase, wye-con-
nected system whose line currents are 10 amps, 10 
amps, and 15 amps? 

Q16. In the system in Question 15, will there be any 
current in the neutral wire? 

Q17. A balanced, wye-connected, three-phase system has 
a line voltage of 208V and a line current of 5 amps. 
The power factor of the load is 0.8. What is the 
total power supplied to the load? What is the cur-
rent in the neutral? 
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Your Answers Should Be: 

A15. If the currents are not equal, the load is not 
balanced. 

A16. There will be current in the neutral wire. 

A17. PT = L. X E., x 1.73 x cos 0 
PT = 5 X 208 X 1.73 X 0.8 = 1439 watts 
The load is balanced, so the current in the neutral 
is zero. 

DELTA CONNECTION 

The three-phase, delta-connected system gets its name 
from the appearance of the diagram of its connections. Delta 
is the name of the Greek letter -I. 

DELTA CONNECTION 

p A 

............ : 
4 ... 

- 

The windings are connected end to end in a sort of loop. 
When the system is properly balanced, almost no current 
flows around the loop because of the phase differences of 
the voltages. The delta-connected system has no neutral 
point. Delta-connected systems are not usually grounded. 
The wye connection is essentially a series connection. The 

phase voltages combine to produce a higher line voltage 
because the line voltage is developed across two windings in 
series. The phase current and line current are the same. 
The delta connection, however, is essentially a parallel con-
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nection. The line voltage is simply the voltage developed 
across an individual winding, so the line voltage is equal to 
the phase voltage. The currents from two windings combine 
to give the line current. The amount of the line current 
depends on both the amount of the phase currents and the 
phase difference between them. If the load is balanced and 
the voltages are equal, the line current is 1.73 times the 
phase current. 

In a balanced delta-connected system, the power can be 
found by multiplying phase voltage times phase current 
times the number of phases times the power factor: 

PT = Ip X Et, X 3 x cos 

The line voltage is equal to the phase voltage. The phase 
current is equal to the line current divided by 1.73. This 
leads to the following formula: 

PT = L.X El, X 1.73 X cos 

where, 

PT is the total power, 
IL is the line current, 
El, is the line voltage, 
cos O is the power factor. 

Note that the two power formulas for delta-connected sys-
tems are the same as the two for wye-connected systems. 

Q18. For the circuit below, what is the line voltage, line 
current, phase voltage, phase current, and total 

power? 

17.3 AMPS 

000 

120V 

 • 

BALANCED 
LOA D 
s.e • 1. 
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Your Answers Should Be: 

A18. Line current, 17.3 amps; line voltage, 120V 
Phase current, 10 amps; phase voltage, 120V 
Power = IL X EL X 1.73 >< 1 = 3,600 watts 
or I, >< Et, X 3 >< 1 = 3,600 watts 

POWER MEASUREMENT 

So far, you have learned how power is calculated but not 
how it is measured. In practical cases, all the information 
needed to calculate power may not always be available. The 
power factor of the load may be unknown, the load may not 
be balanced, or the voltage may fluctuate. In many cases, 
therefore, it may be necessary to measure power with a 
wattmeter. 
Wattmeters have as inputs the factors one needs to know 

in order to calculate power—voltage and current. In effect, 
a wattmeter measures I and E and then calculates P mechan-
ically. A wattmeter has a series connection to the line to 
measure current and a shunt connection to measure voltage. 
On power circuits, the wattmeter is connected to the main 
lines by a set of special instrument transformers which step 
down the voltage and current to safe values. 

The Three-Wattmeter Method 

The three-wattmeter method is used primarily with three-
phase, four-wire circuits. It can measure power in both bal-

!Ill WATTMETER 

1.56 



anced and unbalanced systems. Three wattmeters are sim-
ply used to measure the power in all three phases. A typical 
connection is shown at the bottom of the opposite page. 

In the three-wattmeter method, each wattmeter measures 
a separate phase. The meter receives as inputs the phase 

SIMPLE 

wex hIMG3 

voltage and phase current and gives a reading indicating 
phase power. In order to find the total power, add all three 
readings directly. 

Q19. The power in a three-phase, four-wire, wye-con-
nected system is measured by the three-wattmeter 
method. The individual meter readings are as fol-
lows for different loads. Find the three-phase 
power values. Which load is balanced? 

W1 W2 W3 

A 30W 40W 20W 

B 20W 20W 20W 

C 60W 60W 20W 
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A19. (A) PT = 30 ± 40 ± 20 = 90W 
(B) PT = 20 + 20 + 20 = 60W 
(C) Pr = 60 ± 60 + 20 = 140W 
Only B is balanced since all its readings are equal. 

The Two-Wattmeter Method 

The two-wattmeter method employs line voltages and line 
currents and is suitable for either wye or delta connections. 
The two-wattmeter method can be used to measure power in 
both balanced and unbalanced circuits. 

VOLTAGE TERMINALS CURRENT TERMINALS 

TO 
THREE-PHASE 
GENERATOR 

A 

VOLTAGE TERMINALS 
CURRENT TERMINALS 

TO 
, THREE-PHASE 
) LOAD 

TWO-WATTMETER 
METHOD OF 

MEASURING POWER 
Total power is found by adding the two readings shown on 

the wattmeters. If the power factor of the load is less than 
0.5, the wattmeter readings must be subtracted to obtain 
the total power. The sum (or difference) of the meter read-
ings gives the total power because of the phase relationships 
of the voltages and currents in the three-phase system. 
You can make a test to determine whether the power 

factor is less than 0.5. Connect the wattmeters as shown 
and so that both give an up-scale reading. (If the pointer 
of one of the wattmeters moves in the wrong direction, the 
voltage leads of this wattmeter must be reversed to obtain 
a reading.) Then temporarily move the voltage lead of W1 
from line B to line C. (Or move the lead of W2 from line 
B to line A.) If the wattmeter then moves down-scale, the 
power factor is less than 0.5, and the smaller reading must 
be subtracted from the larger reading. 
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The One-Wattmeter Method 

If the three-phase load is balanced, one wattmeter can be 
used to measure the total power as shown below. A reading 

ONE- WATTMETER METHOD OF MEASURING POWER 
A  

TO 

THREE-PHASE 
GENERATOR 

TO 
THREE- PHASE 

LOAD 

VOLTAGE TERMINALS CURRENT TERMINALS 

is taken with one voltage lead connected to line B. The lead 
is then moved to line A, and another reading is taken. The 
sum of the readings gives the total power. A power factor 
less than 0.5 produces the same result in the one-wattmeter 
system as in the two-wattmeter system. 
Of course, switches can be used to change the voltage 

leads in either the one- or two-wattmeter method. Watt-
meters that have negative-zero-positive scales may also be 
used in both methods. 

Q20. The two readings recorded from measuring the 
power by the two-wattmeter method are +20W 
and + 40W. Find the total three-phase power. 

Q21. The two readings recorded from measuring the 
power in a circuit by the two-wattmeter method 
are +40W and —15W respectively. Find the total 
three-phase power. 

Q22. Four sets of readings found by the one-wattmeter 
method are: 

A. + 40, —20 
B. +40, +40 
C. + 15, +20 
D. —15, +30 

Find the total power for each set of values. 
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Your Answers Should Be: 

A20. P., = P, 132 = 20 + 40 = 60W 

A21. PI = PI — 132 = 40 — 15 = 25W 

A22. (A.) 20W, ( B.) 80W, (C.) 35W, (D.) 15W 

TRANSFORMER CONNECTIONS 

Wye and delta connections are used in many types of 
equipment. Three-phase motors are wye- or delta-connected, 
as are alternators. Another important type of a three-phase 
device is the three-phase transformer. Since power is often 
transmitted three-phase and since its voltage is transformed 
up and down at several points according to the needs of the 
distribution system, three-phase transformers are quite 
important. 
Three-phase transformers consist of either three single-

phase transformers connected together or a single-core, 
three-phase winding as shown below. 

THREE-PHASE, SINGLE-CORE 
TRANSFORMER 

CORE 

PR IMARY 

SECONDARY 

PRIMARY 

Si CoNijAi<' 

PR IMARY 

SECONDARY 

PHASE 1 PHASE 2 PHASE 3 

The primaries and the secondaries can be connected in 
any combination of delta and wye. For example, the pri-
maries can be wye-connected and the secondaries delta-con-
nected, or vice versa. Or both the primaries and the 
secondaries can be wye- or delta-connected. 
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THREE-PHASE TRANSFORMER CONNECTIONS 

WYE TO DELTA 

WYE TO WYE 

A 

DELTA TO DELTA 

DELTA TO WYE 

A 

N 

A 

Q23. Name the four ways in which transformers can be 
connected in a three-phase system. 

Q24. What are the two kinds of three-phase trans-
formers? 

S
E
C
O
N
D
A
R
Y
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Your Answers Should Be: 

A23. Three-phase transformers can be connected in 
wye-to-delta, wye-to-wye, delta-to-delta, and delta-
to-wye arrangements. 

A24. A three-phase transformer can be made up of 
three single-phase transformers or a single-core, 
three-phase winding. 

Both three-phase transformers and three single-phase 
transformers have their advantages. These are listed in the 
table below. 

ADVANTAGES 

Three-Phase 
Transformer 

Three Single-Phase 
Transformers 

Lower initial cost 
Higher efficiency 
Less total weight 
Less total floor space 
Lower installation and 

transportation cost 

Cheaper spare parts 
A single unit can be re-

placed in case of trou-
ble 

Lower repair cost 
More voltage flexibility 

Overall, the three-phase transformer is considered a bet-
ter unit in most situations. One minor advantage of using 
three single-phase transformers in a delta connection is that 
it is possible to remove one of the transformers altogether 
and still have the system operate at reduced capacity. This 
arrangement is called open delta. 

TRANSFORMER 
WINDING 

C,) REMOVED 
< 

o  
PRIMARIES 
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When using wye-to-delta or delta-to-wye connections, there 
is one important fact to remember. Line voltage and phase 
voltage are equal in the delta connection and line voltage is 
1.73 times phase voltage in the wye connection. These facts 
can be used to get an additional step up or step down of 
voltage without adding extra turns to the transformers. 
For example, suppose you are using a group of single-

phase transformers with turns ratios of one to five to step 
up a three-phase voltage of 100 volts (line voltage). If the 
primaries of the transformers are delta-connected, the pri-
mary phase voltage is 100 volts. The phase voltage at the 
secondary will be 500 volts, but if the secondary is wye-con-
nected, the line voltage will be 1.73 >< 500 = 865V. If both 
sets of windings had been connected in the same way (both 
wye or both delta), the secondary line voltage would have 
been only 500 volts. 

Q25. What is the secondary line voltage in the circuit 
below? 

Pf•.IMARY 

LINE VOLTAG 865V 

SECONDARY 

500 TURNS/100 TURNS 

LINE VOLTAGE - ? 

Q26. Draw a diagram showing three single-phase trans-
formers connected in a wye-to-delta arrangement. 

Q27. A delta-to-wye, three-phase transformer has a 
turns ratio of 10 to 1 and is used as a step-down 
transformer. If the input line voltage is 1,000V, 
what is the output line voltage? 

Q28. What is one disadvantage of using the open-delta 
connection? 
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A25. The phase voltage of the wye-connected primary 
is 865/1.73 = 500V. The phase voltage in the sec-
ondary is 100V. Since the secondary is delta-con-
nected, the line voltage is also 100V. 

A26. 

A27. The primary phase voltage is 1,000V. The second-
ary phase voltage is 1,000/10 = 100V. Since the 
secondary is wye-connected, the secondary line 
voltage is 173V. 

A28. In the open-delta connection the transformers 
must be operated at reduced capacity. 

WHAT YOU HAVE LEARNED 

1. The power for most household and industrial use is 
generated and distributed as three-phase. 

2. Three-phase power is usually generated in hydraulic or 
steam power plants. 

3. In hydroelectric plants, falling water drives a generator 
at low speed. 

4. In steam plants steam drives a turbine at high speed. 
In steam plants the turbine, alternator, and DC exciter 
are arranged horizontally. 

5. Wye and delta connections make it possible to transmit 
three-phase power with four or even three conductors. 

6. In the wye connection, one end of each winding is con-
nected to a common point which is often grounded. 
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7. In the wye connection the voltage between the lines is 
called line voltage and is 1.73 times the voltage gen-
erated in any phase winding. 

8. The voltage in a phase winding is called phase voltage, 
and appears between a line and neutral in the wye 
connection. 

9. In the delta connection the windings are connected to 
form a closed loop. No current flows around this loop. 

10. In the delta connection, line voltage and phase voltage 
are equal. 

11. In the delta connection, line current is 1.73 times phase 
current. 

12. In any three-phase system the total power is equal to 
the sum of the powers in all three phases. 

13. The power in a three-phase system can also be found 
from line voltages and currents by the formula: 

= 1.73 IL EL cos O 

14. Power in three-phase systems can be measured using 
one, two, or three wattmeters. 

15. In the three-wattmeter method, power is simply meas-
ured in each phase. It is used primarily with three-
phase, four-wire, wye-connected systems. 

16. In the one-wattmeter and two-wattmeter methods, two 
readings must be either added or subtracted (depending 
on the power factor) to find the power in the system. 

17. Transformers can be connected in wye or delta patterns. 

18. The primary and secondary of a three-phase trans-
former need not be connected in the same pattern. 

19. By connecting the primary of a transformer in wye and 
the secondary in delta, or vice versa, it is possible to 
have a greater change in voltage than is produced by 
the turns ratio of the transformer alone. 

20. Three-phase transformers can either be three-phase 
units or combinations of three single-phase trans-
formers. 

21. Three single-phase transformers can be connected in 
open delta. 
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Power Converters 

There are a number of 
What You devices that convert one 

type of power to another. 
Will Learn You will now find out how 

DC can be converted to AC 
and AC to DC. You will learn how AC frequency can 
be changed and DC voltages stepped up or down. You 
will also learn how to draw schematics for some of these 
changes and how to choose the correct device for a par-
ticular application. 

THE NEED FOR CONVERTERS 

Electrical energy is generated and transmitted primarily 
as three-phase AC, usually at 60 cps and very high voltages. 
The voltages are transformed to lower values before being 
used. Sometimes only one phase is used for a particular 
piece of equipment. The most common type of power sup-
plied to homes is single-phase AC. 

Occasionally, DC is required at a remote location in rather 
large quantities. Converters provide a means of changing 
available AC currents to DC currents. Sometimes the sup-
ply source is DC, but AC currents are needed. A different 
kind of converter meets this need. Sometimes special fre-
quencies of AC are required or high DC voltages are needed. 
Converters can provide these also. 
The word converter actually includes any of the following 

changes in electrical form: AC to DC, AC to AC of a dif-
ferent frequency, DC to AC, DC to higher-voltage DC, DC 
to lower-voltage DC, etc. 
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DC-TO-AC CONVERTERS 

The conversion of DC to AC usually takes place when a 
DC source is available and a rather specialized AC frequency 
is required. The two basic methods of converting DC to 
AC are by means of a motor-generator (M-G) set and by 
vibrator action. 

Motor-Generators 

In the simplest form of M-G set, a DC motor drives an 
AC generator. Depending on the type of AC generator 
chosen, a DC-to-AC converter may deliver single-phase, two-
phase, or three-phase AC power. Most generators in this 
type of converter are three-phase synchronous units. 

DC- TO-AC MOTOR- GENERATOR SET 

DC 
INPUT 

MOTOR 

COUPLING 

  AC 
  OUTPUT 

V/ 

GENERATOR 

A DC motor chosen as the prime mover in an M-G set 
must have speed characteristics that are very constant. If 
the speed of the motor varies considerably as the load in-
creases, the frequency of the AC generator will vary accord-
ingly. (Frequency is directly proportional to the speed of 
the prime mover.) One suitable type of DC motor is the 
shunt motor, although compound motors are also used to a 
great extent. A series motor could not normally be used 
because of its poor speed control. 

Vibrators 

Vibrators are used in DC-to-DC converters and DC-to-AC 
converters but usually are able to deliver only very small 
amounts of power. The figure at the top of the opposite 
page shows a simple vibrator circuit. (The filtering compo-
nents have been deliberately omitted so that the reader may 
better understand how it works.) 
When switch S is closed, the current will flow through the 

magnet coil. This action causes the coil to attract the reed 
and thus closes contact A. When the reed touches contact 
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A, it short-circuits the magnet coil, thus releasing the reed 
from its position. The reed is released, it springs back, and 
its inertia sends it into contact with point B. By this time, 
the magnet coil again has current flowing through it, so it 
pulls the reed back to point A, and the cycle repeats itself. 

A VIBRATOR CIRCUIT 

MAGNET 

COIL 
B REED 

A lE • 

(11.17 1j 2 

CURRENT THROUGH CURRENT THROUGH 
LOWER WINDING UPPER WINDING 

The vibrating reed causes the current to flow through 
first the lower section of the transformer primary and then 
the upper section. This is very much like having an alter-
nating current flowing in the primary. This action causes 
an AC voltage to be induced in the secondary of the trans-
former. The voltage is not a sine wave, however, but has a 
generally rectangular shape. Filtering action can smooth 
out the waveform. 
The magnitude of the induced voltage depends on the 

turns ratio of the transformer. The frequency of the volt-
age depends on the speed with which the reed changes from 
A to B. The speed, in turn, varies with the weight of the 
reed and the strength of the magnetic field. 

Ql. Do you think a special converter would be used to 
convert low-voltage AC to high-voltage AC? How 
would this be done? 

Q2. Why it is necessary to use a constant-speed motor 
in a DC-to-AC motor-generator set? 

Q3. The moving part of a vibrator is a  
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Your Answers Should Be: 

Al. No, a transformer changes the voltage of AC sim-
ply and efficiently. 

A2. If the speed of the M-G set varies, the frequency of 
its output also varies. 

A3. The moving part of a vibrator is a vibrating reed. 

DC-TO-DC CONVERTERS 

A simple means of obtaining a higher DC voltage from an 
existing DC source is to use an M-G set in which both the 
motor and the generator are DC machines. 

LOW-VOLTAGE DC INPUT 

DC- TO-DC MOTOR-GENERATOR SET 

HIGH-VOLTAGE 
DC OUTPUT 

DC GENERATOR 

A shunt or compound DC motor is best because it has rela-
tively constant speed for varying loads. The output voltage 
of the generator depends on the speed. A shunt or compound 
DC generator is best suited for use in M-G converters be-
cause it has good voltage regulation for varying loads. 
When only a small DC output is required, a vibrator can 

be successfully employed. The vibrator converts the DC to 
higher-voltage AC. Then the AC is converted back to DC 
at this higher voltage. A typical circuit is shown on the 
opposite page. 
The advantage of the DC-to-DC vibrator converter is that 

the AC output produced by the parts enclosed in the dashed 
line in the illustration can be converted to a DC voltage 
which is higher than that of the battery. The means by 
which AC can be converted back to DC will be discussed in 
the following section. The device shown is a full-wave recti-
fier, a type of electronic converter. 
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The DC-to-AC devices discussed so far are often called 
inverters. This distinguishes them from the more common 
AC-to-DC devices that are called converters. 

DC-TO-DC VIBRATO CONVERTER 

VIBRATOR 
CONVERTS 
DC TO AC 

1 TRANSFORMER INCREASES 

/  AC VOLTAGE 

RECTIFIER 
CONVERTS 
AC TO DC 

Q4. What sort of DC motor would be best suited for use 
in a motor-generator set used as a DC-to-DC con-
verter? Why? 

Q5. What sort of DC generator would be best suited for 
this application? Why? 

Q6. In one device for raising the voltage of small 
amounts of DC power, the DC is converted to — — , 
and then the voltage is raised by a 
 . The AC is then converted to 

Q7. An inverter is a device for converting — — to — — . 
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MOTOR 

Your Answers Should Be: 

A4. Shunt or compound DC motors are best for this 
purpose because of their relatively constant speed. 

A5. Shunt or compound DC generators are best for this 
purpose because their output voltage does not 
change greatly with varying loads. 

A6. In one device for raising the voltage of small 
amounts of DC power, the DC is converted to AC, 
and then the voltage is raised by a transformer. 
The AC is then converted to DC. 

A7. An inverter is a device for converting DC to AC. 

AC-TO-DC CONVERTERS 

There are several ways of converting AC to DC. This can 
be done by any of the following: motor-generator set, syn-
chronous converter, electronic rectifier, or contact rectifier. 

Motor-Generator Sets 

The use of M-G sets as AC-to-DC converters is quite simi-
lar to the method used in inverters. An AC motor drives a 
DC generator. 

AC-TO-DC MOTOR-GENERATOR SET 

AC 
I NPUT( 

SHAFT & COUPLING   DC 

OUTPUT 

It is customary to use three-phase motors of either the 
induction or synchronous type. The induction motor has the 
advantage of being lower priced and more rugged in con-
struction than the synchronous motor. The induction motor 
can be wound for voltages as high as 13,500 volts, thus 
eliminating the need for step-down transformers in many 
cases. 
Synchronous motors have the advantage of constant speed 

and higher power factor. In large converter installations, 
the synchronous motor is usually preferred. By overexciting 
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a synchronous motor, the overall power factor of the system 
can be improved. The overexcited synchronous motor be-
comes a synchronous capacitor. (That is, it does the job of 

a huge capacitor.) 

The Synchronous Converter 
The synchronous converter is sometimes called a rotary 

converter. It changes AC to DC. The synchronous converter 
consists of a DC field and a DC armature equipped with slip 
rings in addition to a commutator. You can consider it as 
a synchronous motor whose armature is equipped with a 
commutator to provide a DC output. 

ARMATURE OF A SYNCHRONOUS CONVERTER 
DC GENERATOR + SLIP RINGS = ROTARY CONVERTER 

DC 

OUTPUT 

AC 
INPUT 

DC GENERATOR 

COMMUTATOR 

SHAFT 

ARMATURE 

SLIP RINGS CONNECTED 
TO WINDINGS 180° APART 

Under ordinary conditions, an alternating voltage is con-
nected to the motor portion of the converter through slip 
rings, causing the machine to rotate at synchronous speed 
like an AC synchronous motor. At the same time, the ma-
chine also acts like a DC generator. This DC output is taken 
from the commutator by brushes and can be used to provide 
current for the field winding. This DC output can, in addi-
tion to energizing the field winding, furnish DC to an exter-

nal load. 

Q8. A synchronous converter has an armature equipped 
with and a   

Q9. The DC output is taken from a synchronous con-
verter through the brushes. 
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Your Answers Should Be: 

A8. A synchronous converter has an armature equipped 
with slip rings and a commutator. 

A9. The DC output is taken from a synchronous con-
verter through the commutator brushes. 

Electronic Rectifiers 

The simplest and most common type of electronic recti-
fiers are diode vacuum tubes (electron tubes). The principles 
of operation of electron tubes are covered more thoroughly 
in Volume 3 of this series. 

A vacuum-tube diode usually consists of three parts 
enclosed in a glass bulb from which the air has been re-
moved to create a vacuum. The parts are the plate, cathode, 
and heater. In some tubes, the filament also serves as the 
cathode; this is called a directly heated cathode. 

Symbol 

PLATE (OR ANODE) 

-CATHODE 

-HEATER 

HEATER 
AND 

CATHODE 

Construction 

VACUUM-TUBE DIODE 
HEATER 
PINS 

PLATE 

-BASE 

PLATE 
PIN 

CATHODE 
PIN 

In a vacuum-tube diode, heating the cathode drives elec-
trons off the cathode. If a positive voltage (with respect to 
the cathode) is applied to the plate, the plate will attract 
the electrons emitted from the cathode. The movement of 
electrons is, in effect, a current flow. If the plate is more 
negative than the cathode, no current flows since there is 
no positive charge to attract the electrons. The vacuum-tube 
diode thus acts as a valve. It conducts in one direction but 
not in the other. 
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INPUT AC 

Look at the circuit diagram below. During the positive 
half cycle of the AC input, the plate is positive with respect 
to the cathode, and current flows. (A voltage drop appears 
across the toad resistor, but it is a little less than the input 
voltage.) During the negative half cycle, the plate is nega-
tive with respect to the cathode, and no current flows. 

HALF-WAVE RECTIFIER 
TO HEATER 
SUPPLY 

o 

ELECTRON FLOW 
OUTPUT PULSATING 

DC 

The device just described is called a half-wave rectifier 
because only half of the AC sine wave appears in the output. 
Although this current never reverses direction, it is a very 
rough, pulsating DC which is not satisfactory for must pur-
poses. A smoother DC can be obtained from a full-wave 

rectifier. 

FUIL-WAVE RECTIFIER 

AC INPUT 

TO HEATER VOLTAGE 
SUPPLY 

f-VYYV  

PULSATING 
DC OUTPUT 

Both halves of the AC sine wave appear in the output of 
the full-wave rectifier. The output is still a pulsating DC, 
but it is smoother than the half-wave output. With proper 
filtering, the output of a full-wave rectifier can be smoothed 

further into a steady DC current. 

Q10. A vacuum-tube diode conducts only when the plate 
is with respect to the cathode. 

Q11. The output from a ---- ---- rectifier is 
easier to smooth than the output from a 

_ -- _ rectifier. 
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Your Answers Should Be: 

A10. A vacuum-tube diode conducts only when the plate 
is positive with respect to the cathode. 

All. The output from a full-wave rectifier is easier to 
smooth than the output from a half-wave rectifier. 

Contact Rectifiers 

Contact, or barrier-layer, rectifiers are devices which per-
mit current flow in one direction only. (Actually, they pre-
sent a very high resistance in the reverse direction.) They 
produce very much the same result as a vacuum-tube diode. 
Two very common types of metallic barrier-layer rectifiers 
are copper-oxide and selenium rectifiers. 
The copper-oxide rectifier is produced by heating a copper 

disc to a high temperature and then quenching it in water. 
This produces a thin layer of red cuprous oxide sandwiched 
between the copper disc and a thick outer layer of green 
cupric oxide. The cupric oxide is then removed and a lead 
disc is pressed against the cuprous oxide. Electrons flow 
more easily from léad to co er than from copper to lead. 

ALUMINUM 

COUNTER ELECTRODE 

SELENIUM LEAD DI SC 

COPPER DI SC 

DISK THIN LAYER 

OF CUPROUS OXIDE 

Copper Oxide Selenium 

The selenium rectifier is made by depositing a layer of 
selenium on an aluminum plate. An alloy with a low melting 
point is then sprayed onto the selenium surface. This alloy 
is called the counterelectrode. The current-blocking layer is 
the surface between the selenium and the alloy. Electrons 
flow through this surface easily in one direction but not in 
the other. 
Another type of rectifier is the semiconductor rectifier. 

The rectifying action is produced by the junction of P-type 
and N-type materials. Electrons flow easily from the N-

176 



type to the P-type material, but not in the reverse direction. 
You can learn more about the theory of semiconductor mate-
rials in Volume 3 of this series. 
Small rectifier cells are often called rectifier diodes since 

they perform the same rectifying action as the diode vacuum 
tube. If large quantities of electricity need to be rectified, 
rectifier stacks are used. These are composed of a number 
of rectifier elements assembled and connected together. 
The symbol for a rectifier is shown in the figure below. 

The arrowhead points against the direction in which elec-
trons move through the rectifier. 

Contact-Rectifier Symbol 

The rectifiers shown so far have had single-phase inputs. 
Three-phase current can also be rectified, as shown in the 
following illustration. 

THREE-PHASE RECTIFIER CIRCUIT 

ME-CONNECT ID 

SECONDARIES c:› 

DELTA-CONNECTED 
PRIMARIES 

DC LOAD 

Q12. Name three types of rectifier cells. 

Q13. Draw a schematic of a full-wave rectifier using two 
rectifier cells. 

Q14. What property of rectifiers makes them useful in 
converting AC to DC? 
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Your Answers Should Be: 

Al2. Three types of rectifier cells are: copper oxide, 
selenium, and semiconductor. 

A13. 

DC 

AC 

A14. Rectifiers have a high resistance to current flow 
in one direction and a low resistance in the other 
direction. 

FREQUENCY CONVERTERS 

The last type of converter to be discussed is the frequency 
converter. The simplest way of changing frequency is to 
provide a motor-generator set in which the motor is AC 

TWO-POLE MACHINE 

•••• 
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(preferably synchronous) and the generator is an AC syn-
chronous unit, but with different number of poles. 
Look at the figure on the opposite page. If the machine is 

a generator, the emf induced in each winding goes through 
a complete cycle every time two unlike poles pass the wind-
ing. In the illustration, this happens once for every revolu-
tion of the rotor. If the machine is a synchronous motor, 
the rotor will make a complete revolution for each cycle of 
current in the windings. 

FOUR-POLE MACHINE 

PHASE 
1 

S ROTOR 

"   

9"-

9." 

PHASE 
1 

Now look at the figure above. This machine has four poles 
on the rotor. Four poles pass each winding during each 
revolution. Therefore there are two complete cycles of cur-
rent in each winding for each revolution of the rotor. A 
machine with eight poles will have four complete cycles of 
current in each winding for each revolution of the rotor, etc. 
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The formula relating the frequency to the speed and to 
the number of poles in a synchronous generator or motor is 
as follows: 

— 120 X f S  
P 

or, 

f _SXP 
120 

where, 

Sis the speed (rpm), 
f is the frequency (cps), 
p is the number of poles. 

Thus, if the motor in an M-G set is a two-pole machine 
operating at 60 cps, the speed of the shaft will be: 

S — 120 X f 

P 

120 x 60  
S — — 3,600 rpm 

2 

If this motor is used to drive a generator having six poles, 
the output frequency will be: 

f — S >< p 3,600 >< 6 _ 180 cps 
120 120 

The AC-to-AC motor-generator set is probably the sim-
plest frequency-converting device. However, a number of 
other devices can be used for this purpose. 
The induction generator discussed in Chapter 4 is basically 

a frequency-converting device. As you remember, it can be 
used to decrease the frequency if the rotor is driven in the 
same direction as the rotating magnetic field. If the rotor 
is driven in the opposite direction, the frequency is increased. 
Higher frequencies for small amounts of current can be 

obtained with vibrators operated by AC instead of DC. Very 
small quanties of power at almost any frequency can be 
developed by an electronic oscillator. Since this type of 
device is used mainly in electronic work, it is discussed in 
Volumes 3 and 4 of this series. The oscillator is basically a 
DC-to-AC converting device. 
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Q15. Find the output frequency of the M-G set below. 

60 CPS THREE-PHASE 

AC INPUT 
--:-" 

\ 4-POLE 20-POLE 
MOTOR GENERATOR 

THREE-PHASE 
OUTPUT 

Q16. Does a four-pole generator have to turn faster or 
slower than a two-pole machine to generate the 
same frequency? 

Q17. A four-pole synchronous motor turns ( faster, 
slower) than a two-pole synchronous motor receiv-
ing the same frequency. 

Q18. Find the output frequencies when the motor input 
frequency is 60 cps and the poles are as shown. 

Motor Poles Generator Poles 

A 2 8 

B 4 10 

C 16 4 

D 10 70 

Q19. What device with no moving parts would you use 
to convert a moderate amount of AC to DC? 

Q20. What type of device would you use to convert 60-
cycle AC to 120-cycle AC? 

Q21. What type of device would you use to obtain heavy 
DC currents from AC? 

Q22. What type of device would you use to obtain a 
small AC current from DC? 

Q23. How could you step up the voltage of a small 
amount of DC power? 

Q24. The word inverter is often used to refer to a device 
that converts — — to — — . 
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Your Answers Should Be: 

A15. The speed of the motor is: 

s = 120 x f 120 x 60  
— 1,800 rpm 

4 

The frequency of the generator is: 

f S x p 1,800 x 20  
— 300 cps 

120 120 

A16. A four-pole generator turns at half the speed of a 
two-pole machine to generate the same frequency. 

.117. A four-pole synchronous motor turns slower than 

a two-pole motor receiving the same frequency. 

A18. (A) 240 cps, ( B) 150 cps, ( C) 15 cps, (D) 420 cps 

A19. A rectifier has no moving parts and can be used to 
convert a moderate amount of AC to DC. 

A20. An M-G set with twice as many poles on the gen-
erator as on the motor will convert 60 cps to 120 
cps. 

A21. An M-G set with a synchronous motor and a shunt 
or compound DC generator will convert heavy AC 
currents to DC. 

A22. A vibrator will provide a small AC current from a 
DC input. 

A23. A vibrator combined with a transformer and a 
rectifier can step up DC voltages. 

A24. The word inverter is ofen used to refer to a device 
that converts DC to AC. 

WHAT YOU HAVE LEARNED 

1. Power converters are used to change one type of power 
to another. For example, they change AC to DC, DC to 
AC, AC to AC of a different frequency, or DC to higher-
voltage DC. 

2. DC can be converted to AC by use of a motor-generator 
set or by a vibrator. 

3. An M-G set consisting of a DC motor and an AC gen-

182 



erator can convert DC to AC. The best DC motor for 
this purpose is a shunt or compound type that has 
nearly constant-speed characteristics. 

4. A vibrator can convert small amounts of DC to AC 
through the action of a vibrating reed. 

5. Vibrators require filtering circuitry to convert the 
square-wave output into a smoother sine-wave AC. 

6. Vibrators can also be used to convert low-voltage DC to 
high voltages. This is done by converting the low-volt-
age DC to a high-voltage AC output with a vibrator and 
transformer and using a rectifier to change it back to 
DC. 

7. AC can be converted to DC by the use of M-G sets, 
synchronous converters, electronic rectifiers, or contact 
rectifiers. 

8. AC-to-DC M-G sets usually use a synchronous or induc-
tion motor and a shunt or compound generator. 

9. A synchronous converter is a machine whose armature 
is equipped with slip rings and a commutator. It con-
verts AC to DC. 

10. An electronic rectifier is a diode vacuum tube. An elec-
tronic rectifier allows current to pass in one direction 
but not in the other. 

11. A contact rectifier operates similar to a vacuum-tube 
rectifier. Contact rectifiers have a high resistance in 
one direction and a low resistance in the other. 

12. The most common types of contact rectifiers are: cop-
per-oxide, selenium, and semiconductor. 

13. Electronic and contact rectifiers can be connected in 
either half-wave or full-wave arrangements. A half-
wave rectifier converts only half of the AC sine wave to 
DC; a full-wave rectifier converts both halves of the 
AC sine wave to DC and gives a smoother DC output. 

14. AC frequencies can be converted by the use of an M-G 
set consisting of a synchronous motor and a synchro-
nous generator with a different number of poles. 

15. Vibrators and induction generators are also used to 
convert the frequency of AC currents. 
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Servo 
Control Systems 

In this chapter you will 
What You learn how a servo control 

system can move and pre-
Will Learn cisely position a heavy load 

through application of a 
small input signal. You will become acquainted with the 
basic principles of servo and synchromechanisms and 
how these devices can be used in controlling the direc-
tion and amount of rotation of an electric motor. You 
will discover how synchromechanisms can be used to 
transmit data from one location to another. 

WHAT IS A SERVO CONTROL SYSTEM? 

There are many load-positioning tasks which man has 
neither the muscle, mental ability, nor desire to perform. For 
the accomplishment of such tasks, he uses a servo control 
system. A servo system is used to move the heavy rudder 
of a ship, position the beam of large searchlights, or sight an 
observatory telescope, weighing several tons, on a distant 
star. 
Servo systems can be designed for automatic operation. 

These systems can be used with radar for automatic track-
ing of targets, in weapons systems for automatic aiming of 
guns or missile launchers, in aircraft for automatic position-
ing of control surfaces, in missiles for automatic guidance 
through prescribed flight paths, and in many other installa-
tions where automatic and precise control is desired. 
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THE SERVO PRINCIPLE 

The terms servo system, servomechanism, and servo are 
often used interchangeably to identify a complete system 
or one of its parts. To prevent confusion, an individual 
device will be identified by its noun name, servomotor for 
example, and a working combination of these devices will 
be called a servo (or control) system. 

The Basic Servo System 

All servo systems perform two functions. These functions 
are called input control and output control. 

DRIVE SIGNAL 

INPUT / 

CONTROL 

FEEDBACK SIGNAL 

OUTPUT 

CONTROL 

The figure above shows a shaft feeding a rotational signal 
to the input control which causes the output control to rotate 
its shaft in the same direction. The turning of the output 
shaft moves a load to a desired position. The output control 
continuously feeds a signal back to the input to reveal the 
precise position (in a rotational direction) of the output 
shaft. If there is a difference between input and output shaft 
positions, the latter will continue to turn until the desired 
amount of rotation is attained. All servo systems operate in 
accordance with this principle. 

Electrical, mechanical, hydraulic, or air-pressure devices 
may be used for control mechanisms or transmission of sig-
nals between the two control functions. Because of their 
economy, reliability of operation, and ease of control, most 
servo systems employ electrical or electromechanical de-
vices. Transmission of signals between control devices is 
nearly always done electrically. This is particularly true 
when the input control is located at some point remote from 
the output control. 

Since it reveals position difference between input and out-
put, the feedback signal is frequently called an error signal. 
Sometimes the drive signal is called an actuating signal. 
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Basic Parts of a Servo System 

A servo system may have as few as two or three devices 
or as many as a hundred or more. The number and variety 
depend on the complexity of the system and the type of 
work it must perform. A modern radar, for example, must 
aim its antenna in elevation (up and down) and in bearing 
(left and right) as a result of manual or semiautomatic 
control. It must then automatically follow the target when 
it has been "locked-on." However, any servo system basi-
cally consists of four functional devices shown in the figure 
below. 

BASIC PARTS OF A SERVO SYSTEM 

rOUTPUT CONTROL FUNCTION 

ACTUATING 
SIGNAL 

DIFFERENCE SIGNAL 

OUTPUT 
SHAFT 

NPUT CONTROL FUNCTION 

INPUT 
SIGNAL 

/ERROR SIGNAL  

L LOAD 

The input detector senses any movement of the input 
shaft and sends a signal to the error detector where it is 
matched with an error signal which reveals the position of 
the output shaft. If the shafts are not in the same position, 
a difference signal is generated and then amplified by the 
servo amplifier to a value which will turn the servomotor. 
The motor will continue to turn until the difference between 
the input and the error signals is zero. When this occurs, 
the two shafts will be in the same angular position. 

Ql. What are the two signals which reveal the positions 
of the input and output shafts? 

Q2. When a difference signal is generated, input and 
output shafts (are, are not) in alignment. 

Q3. What are the basic parts of the input and output 
control functions, respectively? 
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Your Answers Should Be: 

Al. The input signal shows the position of the input 
shaft. The error signal reveals the position of the 
output shaft. 

A2. When a difference signal is generated, input and 
output shafts are not in alignment. 

A3. Input and error detectors are part of the input con-
trol. Servo amplifiers and motors are found in the 
output control. 

OPEN AND CLOSED SERVO SYSTEMS 

A servo system may be defined as either open or closed. 
In an open system the behavior or position of the output 
shaft is not automatically matched with the input position. 
Matching or correction is accomplished by manual or semi-
automatic methods. 

In a closed system, input and error signals are automat-
ically compared to bring input and output conditions into 
automatic alignment. 

An Open Servo System 

The figure below shows an example of an open servo sys-
tem. It is a steering system that could be used on a ship. 
The rudder turns in a direction and an amount determined 
by the rotation of a wheel in the pilot house. Since the 
rudder is large and heavy, it is pivoted by a servomotor. 

:IN OPEN SERVO CONTROL SYSTEM 
RUDDER 

POSITION r INPUT AND 
/ ERROR DETECTOR) 

DIFFERENCE 
SIGNAL 

AMPLIFIER MOTOR 
SERVO SERVO-  ( RUDDER 

COMPASS 

In this case, the man at the wheel is the input and error 
detector. He moves the wheel to maintain the ship on a 
specified course. He does this by watching the direction on 
a compass. When wind or ocean currents move the ship off 
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course, he turns the wheel (and consequently the rudder) to 
bring the ship back on course. Because it is not automatic, 
the system is open. 

A Closed Servo System 

By replacing the man with an electric device, sometimes 
called an automatic pilot, the steering system can be made 
into a closed servo system as shown in the figure below. 

A CLOSED SERVO CONTROL SYSTEM 

DIFFERENCE 

r AUTOMATIC PILOT  SIGNAL 

COMPASS 
INDICATOR DETECTOR DETECTOR AMPLIFIER MOTOR   

IL INPUT ERROR 1111 SERVO SERVO - 

1 I RUDDER   
INDICATOR 

RUDDER 

When the ship drifts off course, the change in compass 
heading generates a voltage signal which is transmitted to 
the error detector. Since the rudder and heading (compass) 
positions no longer agree, a difference signal is sent to the 
servo amplifier and motor to turn the rudder an amount and 
in the direction required to bring the ship back on course. 
When the ship is back on course, the rudder will have been 
returned to its amidships (straight ahead) position. 

If the ship is heading west (270° compass reading), for 
example, and the wind pushes it to a heading of 265°, there 
will be a 5° angular difference between the established posi-
tions of rudder and compass. A difference signal of an 
amount required to compensate for the deviation will be 
generated. The rudder will be turned to the right five de-
grees. Now the compass and rudder positions are the same, 
and the difference signal is zero. As the ship turns back to 
270°, the rudder angle is decreased correspondingly and is 
returned to amidships when the ship heading becomes due 
west again. This system is a closed servo system. 

Q4. A system which continuously self-compensates for 
differences between input and output is a (n) 
 servo system. 

Q5. The difference signal will be zero when the  
signal is equal to the signal. 
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A4. A system which continuously self-compensates for 
differences between input and output is a closed 
servo system. 

A5. Difference signal will be zero when the input signal 
is equal to the error signal. 

OPERATION PRINCIPLES 

This is a simplified diagram of the steering servo system. 

RUDDER I 

LEFT 0 

The input and error detectors contain a balanced poten-
tiometer—the resistances of both potentiometer legs are 
identical. Potentiometer arm A responds to the turning of 
a compass. Arm B follows the movement of the rudder. 
Arms A and B are connected to the servomotor at terminals 
1 and 2, respectively. A 100-volt battery is connected across 
the potentiometer. 
When the ship is steering 270°, arm A is at the midpoint 

of the resistance. When the rudder is amidships, arm B is 
likewise at the midpoint of its resistance. Thus, both arms 
are selecting 50 volts. Since the voltage difference is zero, 
the motor will not turn. 

If the ship swings 10° to the right, the compass will rotate 
to show a 280° heading. Arm A will be moved downward. 
Assume that it is now selecting +60V. The rudder is still 
amidships and arm B is still selecting +50V. Terminal 1 of 
the servomotor is now +10V with respect to terminal 2. The 
motor is so wired that it will turn the rudder 10° left. 
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When the rudder has reached the 10° position, arm B will 
have been moved to the +60V position. The potential dif-
ference at the motor terminals is zero and the motor is 
stopped. This situation is shown in the illustration below. 

COMPASS AND RUDDER POSITIONS RETURNING TO ZERO 

2 
SERVO-
MOTOR 

The angle of the rudder now turns the ship to the left. 
Since 0° on the compass always points north, the compass 
scale remains steady, and the ship, in effect, turns under it. 
The heading of the ship begins to move from 280° back to 
the desired 270'. As it does, arm A makes a corresponding 
movement back to its midpoint. If, for example, arm A is 
selecting +58V while arm B is still at +60V, terminal 2 is 
now two volts positive with respect to terminal I. The servo-
motor turns in a direction to decrease the rudder angle. Arm 
B follows the rudder movement, decreasing its distance from 
the center resistance point. 

As the ship continues to turn back to 270°, arm A is con-
tinuously leading arm B. Theoretically, arms A and B arrive 
at their midpoints simultaneously, and the difference signal 
becomes zero. This type of input control, however, is subject 
to overcompensation and will cause the ship heading to swing 
past the desired setting. Since the rudder will always fol-
low, the ship will steer a winding course, weaving back and 
forth across the desired heading. 

Q6. The resistances of a(n)   

  are equal. 

Q7. If arms A and B (in the example given on these two 
pages) are selecting Vs and 3/5 of their resistances, 
respectively (measured from the negative ends), 
what is the voltage across the servomotor terminals? 

Q8. Assuming the rudder is amidships at the beginning 
of Q7 conditions, which way will it be turned? 
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A6. The resistances of a balanced potentiometer are 
equal. 

A7. If arms A and B are selecting % and 3/5 of their 
resistances, respectively, terminal 2 will be 20V 

positive with respect to terminal 1. 

A8. Under the conditions given, an amidships rudder 
will be turned to the right. The heading of the ship 
will be to the left of its desired course, and the 
polarity of the difference signal is such that it will 
rotate the servomotor in a direction which will turn 
the rudder to the right. This will bring the ship 
back to its desired course. 

SERVOMOTORS 

The preceding example used a DC servomotor to position 
a load. If the voltage source had been AC, an AC servomotor 
could have been substituted. Requirements of a motor used 
in a servo system include ability to drive a load in either 
direction and at varying speeds. 

DC Servomotors 

DC motors are selected for use in servo systems because 
of their high-stall torque characteristics and their ability 
to be operated at varying speeds. A shunt-field motor, the 
most predominant type of DC servomotor, is shown below. 

r 
1 
i : DIFFERENCE , SERVO 
t 
1 1 SIGNAL ' AMPLIFIER 
1 
t j 

SHUNT-FIELD DC SERVO MOTOR 

FIELD 

Voltage across the shunt field is obtained from a source 
separate from the servo system. This produces a uniform 
magnetic field. Voltage fed to the armature is controlled by 
the output of the servo amplifier (DC). Speed of the motor is 
determined by the magnitude of the voltage difference be-
tween terminals 1 and 2. Direction of armature rotation is 
determined by the polarity of these voltages. 

192 



AC Servomotors 

Where low power and low speed ranges are permissible in 
a servo system, an AC servomotor is used. A distinct 
advantage is the ability to use a comparatively simple servo 
amplifier when an AC power source is a\ , ti table. 

TWO-PHASE INDUCTION AC SERVO MOTOR 

DIFFERENCE 
SIGNAL 

STATOR COIL B e 
  °ONO   

STATOR g  ROTOR 
COILAQ WINDING 

• 

The diagram illustrates a two-phase induction motor, the 
type most frequently used in AC servomotor applications. 
Either a squirrel-cage or short-circuited rotor may be used. 
The two stator coils are physically displaced 90°. Coil B, 

connected to a separate excitation source, develops a steady 
magnetic field in the top and bottom poles. Coil A magnet-
izes the left and right poles and its magnetic field depends 
on the magnitude and phasing of the AC voltage obtained 
from the servo amplifier. As you learned in a previous chap-
ter, the rotor will turn when voltages applied to coils A and 
B are 90° out of phase. 
The direction of rotor rotation is reversed when the servo 

amplifier reverses the direction of current through coil A. 
Speed of rotation is controlled by varying the strength of 
the magnetic field which, in this case, depends on the amount 
of current flowing through coil A. 

In most installations, the value and direction of current 
flow is controlled by the characteristics of the difference 
signal fed to the servo amplifier. Since the difference signal 
will be AC, the servo amplifier can be a relatively simple 
electronic amplifier. In small servo systems, the difference 
signal may be fed directly to the servomotor. 

Q9. (DC/AC) servomotors are used in servo systems 
requiring high torque to move a load. 

Q10. (DC/AC) motors have the wider range of speeds. 

Q11. DC servomotors are normally the  
 type and AC servomotors are the 
  type. 
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A9. DC servomotors are used in servo systems requir-
ing high torque to move a load. 

A10. DC motors have the wider range of speeds. 

All. DC servomotors are normally the shunt-field type 
and AC servomotors are the induction type. 

SERVO AMPLIFIERS 

A servo amplifier, as you recall, converts the difference 
signal into a voltage or current to drive a servomotor at a 
desired speed and in the correct direction. DC servo ampli-
fiers can be either electronic or electromechanical. AC servo 
amplifiers are usually electronic. 

Vacuum-Tube DC Servo Amplifier 

There are several varieties of electronic circuits used as 
DC servo amplifiers. Since nearly all difference signals are 
AC voltages, these circuits are designed to convert an AC 
signal into a DC output and to be sensitive to changes in 
phase. The circuit shown below is typical. 

A SINGLE-STAGE VC SERVO AMPLIFIER 

DIFFERENCE 
SIGNAL 

V2 

The servomotor used in such a circuit will probably be 
one with permanent-magnet poles. The secondary of T2 
applies an AC voltage to the plate of V1 and V2. As can be 
seen, the plate voltages are in phase. The difference signal 
enters through T1 and is applied to the two grids 180° out 
of phase. C1 and R3 form the common-cathode bias for both 
tubes. With no signal applied across the primary of T1, each 
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grid is at the same potential and the plate currents are 
therefore equal. Voltage drops across the load resistors are 
equal and there is no difference of potential between points 
A and B of the motor armature. Therefore, the servomotor 
does not turn when there is no difference signal. 
When a difference signal is applied across TI, one of the 

grids will become positive with respect to the secondary 
center tap and the other grid negative with respect to the 
same point. Since the primaries of T, and T. receive power 
from the same line, one of the grids will be in phase with 
its plate voltage and the other 180° out of phase. 
Assume that E3 is causing the grid of V, to become more 

positive ( the plates are going positive at the same time) 
while E, is causing the grid of V. to go negative by the 
same amount. Plate current I, through V, will increase and I., 
through V, will decrease. E, will increase (negative to posi-
tive from top to bottom) and E. will decrease (negative to 
positive from bottom to top). The voltage appearing across 
the DC servomotor armature will be the algebraic sum of 
EI and E.. Since E, is greater than E., the armature volt-
age will be negative at A with respect to B. Current will 
flow through the armature from A to B, causing it to turn 
in a given direction. 
When the difference signal reverses in phase, becomes 

greater than I. The difference between E. and El causes an 
armature voltage which is negative at B with respect to A. 
The armature will now turn in the opposite direction. 
Although the voltage across A and B is pulsating DC, its 

waveform is sufficiently smoothed out to cause armature 
rotation. The speed of armature rotation is determined by 
the magnitude of the difference signal. 

Q12. The plates of V' and V., are always ( in phase, 180° 
out of phase). 

Q13. The grids of the two tubes are always ( in phase, 
180° out of phase). 

Q14. The grid of which tube is always in phase with its 
plate? 

Q15.  and   of the difference sig-
nal determine armature direction and speed, respec-
tively. 
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Al2. The plates of V, and V, are always in phase. 

A13. The grids of the two tubes are always 180° out of 
phase. 

A14. The grid of either tube can be in phase with its 
plate, depending on the difference-signal phase. 

A15. Phase and magnitude of the difference signal 
determine armature direction and speed, respec-
tively. 

Thyratron DC Servo Amplifier 

One way to obtain a greater amount of power from a DC 
servo amplifier is to use thyratron tubes. A thyratron is a 
gas-filled tube capable of passing eight or more amps as 
compared to the milliamps of a vacuum tube. 
A thyratron has a firing potential determined by its plate 

and grid voltages. Assuming a given bias voltage on the 
grid, plate voltage can be gradually increased until it reaches 
a value which overcomes the repelling effect of the grid. At 
this point, plate current immediately rises from zero to a 
value determined solely by the plate voltage. The grid no 
longer has control over the current. The usual method of 
interrupting the plate current is to shut off the plate voltage. 
A typical thyratron servo amplifier is shown below. 

Ti 

DIFFER-
ENCE 

SIGNAL 

115V 
AC 

A 8IDIRECTIONAL THYRAIRON DC SERVO AMPLIFIER 
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To is connected so that the plate voltages of V1 and V. are 
180° out of phase. E and Ef, place a bias on each grid of 
sufficient value so that no plate current will flow when the 
difference signal is zero. T1 is connected so grid voltages are 
in phase with each other as shown in the diagram. 
Assume a difference signal on T, that causes the grids to 

swing positive while the plate voltage of V1 is going posi-
tive. V, will conduct. Current will flow in the secondary of 
T», through the DC servomotor from B to A, and back to the 
cathode of V1. During this half cycle the plate of V» is 
negative and the tube will not conduct. When the plate of 
V» becomes positive during the next half cycle, its grid sig-
nal is going negative and prevents the thyratron from 
conducting. 
When the phase of the difference signal is reversed, the 

grid of V» is going positive at the same time as its plate. 
Current flows through the servomotor in the opposite direc-
tion, from A to B, causing it to rotate in the other direction. 
As in the vacuum-tube amplifier, the direction of motor 

rotation is determined by the phase of the difference signal 
with respect to the voltage phase on the thyratron plates. 
Rotation speed is controlled by the magnitude of the signal. 
Duration of plate current flow varies in accordance with 

the magnitude of the input difference signal. A low value 
signal allows the tube to remain at firing potential only a 
short period of time. To obtain a longer firing duration, some 
amplifiers use a means of phase-shifting control. A separate 
voltage, 120° out of phase with the plate transformer volt-
age, is added to the difference signal, allowing the grid to 
rise to firing potential sooner. 

Q16. A thyratron conducts ( more, less) current than a 
vacuum tube. 

Q17. What is the difference between the schematic sym-
bols for a thyratron and a vacuum tube? 

Q18. Firing potential of a thyratron is determined by 
the — —__ and potentials. 

Q19. When E1 is negative to positive ( top to bottom) 
and the grid of V1 is going positive, which tube will 
conduct? (See illustration on opposite page.) 
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A16. A thyratron conducts more current than a vacuum 
tube. 

A17. The schematic symbol for a thyratron has a large 
dot within its envelope; a triode does not. 

A18. Firing potential of a thyratron is determined by 
the difference of potential between grid and plate. 

A19. With the conditions indicated, V. will conduct. 
When the plate of V, is negative, the plate of V. 
will be positive and the tube is capable of conduct-
ing. Since the input voltages to the grids are in 
phase, the grid of V., will also be going positive, 
allowing plate current to flow. 

ELECTROMECHANICAL DC SERVO AMPLIFIERS 

When large amounts of power are required to move a load, 
electromechanical DC servo amplifiers are used. Two of 
these are the Ward Leonard system and the amplidyne. 

The Ward Leonard System as an Amplifier 

The principles of a Ward Leonard system were explained 
in a previous chapter. When used in a servo system, it is 
connected as shown below. 

II A RD LEONA RD 

I DIFFERENCE  
SIGNAL 

DRIVEN AT 
CONSTANT SPEED 

SYSTEM 

DC 
SERVO 

AMPLIFIER 

GENERATOR 
FIELD WINDING 

The field winding of the DC generator is in the output 
circuit of a vacuum-tube amplifier. The output of the gen-
erator is controlled by the strength of its magnetic field. 
The value of current through the field will be determined by 
the size of the amplified difference signal. A large difference 
signal will cause the servomotor to attain high speed; a 
smaller signal a lower speed. 
When the phase of the difference signal reverses, the out-

put polarity of the servo amplifier will also reverse, changing 
the direction of the magnetic field in the generator. The 

DC 
DC SERVO-

MOTOR 
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polarity of the generator output will reverse and the arma-
ture of the servomotor will change its direction. 

An Amplidyne as an Amplifier 

The amplidyne is a modified DC generator capable of 
power amplification of more than 10,000 times. A DC gen-
erator, described in an earlier chapter, uses about 100 watts 
of power in its field coils to generate 10 kilowatts of power. 
During its operation, the rotating armature develops a large 
reaction flux at right angles to the field. By short-circuiting 
the armature at this point, as shown in the diagram below, 
and reducing the power applied to the field to 1 watt, the 
same amount of power can be developed as before. 

..I.MPLIDYNE IN A SERI .° SYSTEM 

I DIFFERENCE 
t SIGNAL 

DRIVEN AT 
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CONTROL 
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The amplidyne control field is split into two separate wind-
ings and connected to the output of the servo amplifier. With 
no difference signal, the voltages across the two coils are 
equal and opposite, causing no generator output. With a 
difference signal fed to the servo amplifier, its output and 
the coil voltages become unbalanced. The coil with the higher 
voltage determines the direction of the magnetic field. The 
amplidyne amplifies the power of the field in exciting the 
armature of the servomotor. 

Q20. Number the following DC servo amplifiers in 
descending order of power output level. The device 
having the largest output should be labeled # 1. 

Thyratron amplifier 
Vacuum-tube amplifier 
Amplidyne 
Ward Leonard system 

Q21. The Ward Leonard system consists of a(n) — — 
generator and a (n) _ _ servomotor. 

Q22. An amplidyne has — — — pairs of brushes; one pair 
is   to increase output. 
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A20. In descending order of power output level, the DC 
servo amplifiers should be listed as: (1) Ampli-
dyne, ( 2) Ward Leonard system, ( 3) Thyratron 
amplifier, and (4) Vacuum-tube amplifier. 

A21. The Ward Leonard system consists of a DC gen-
erator and a DC servomotor. 

A22. An amplidyne has two pairs of brushes; one pair 
is short-circuited to increase output. 

AC SERVO AMPLIFIERS 

In most DC applications, the excitation voltages are ap-
plied to the servomotor armature; in AC servomotors, the 
voltages are applied to the stator. 

A Basic AC Servo Amplifier 

The illustration below shows an AC servo amplifier con-
nected to an AC servomotor, a two-phase induction type. 

BASIC AC SERVO AMPLIFIER AND MOTOR 

ERROR DIFFERENCE 
DETECTOR SIGNAL 

ERROR SIGNAL  

AC 
SERVO 

AMPLIFIER 

Coil B, the reference winding, is excited from an AC line 
through a 90° phase-shifting network. Since the same line 
feeds the rest of the servo system, the difference signal, 
in phase or 180° out of phase with the line, will either lead 
or lag the voltage in coil B by 90°. The servo amplifier 
amplifies the difference signal before it is applied to coil A. 

Since the magnetic fields in the coils are 90° out of phase, 
the motor will rotate in a direction to correct the error 
signal fed back to the error detector. If the phase of the 
difference signal changes, the magnetic field in coil A re-
verses, changing the direction of motor rotation. 
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Types of AC Servo Amplifiers 

AC servo amplifiers are always of the electronic type. The 
three most predominant types of circuits used include thyra-
tron, multistage, and single-stage vacuum-tube amplifiers. 
Thyratron Amplifier—Like its DC counterpart, the AC 

amplifier employs thyratrons in pairs. However, only one 
of the tubes will conduct during one phase of the difference 

signal. 
Multistage Vacuum-Tube Amplifier—There are usually at 

least three stages in such an amplifier. The first stage 
adjusts the phase of the difference signal to insure that the 
two induction-motor fields will be 90 out of phase. The 
second is a stage of phase inversion to permit the final stage 
to operate as a push-pull amplifier for maximum output. 

Single-Stage Vacuum-Tube Amplifier—In servo systems 
where power-output requirements are low, a cathode fol-
lower with one of the induction-motor coils in its cathode 

circuit will serve the purpose. 

2472  
Q23. Provide the proper titles for the numbered blocks 

in the servo-system diagram above. 

Q24. What is the signal that appears at A above? 

Q25. What determines the magnitude of signal B? 

Q26. The name of signal D is  

Q27. In most applications, the output of block 3 is 
a (an) —_ or pulsating — _ voltage. 

Q28. Block 4 can be an AC motor or a 
DC field motor. 

Q29. Electronic servo amplifiers employ either 
  or   ; the 
  system and the 
  are electromechanical servo am-
plifiers. 
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A23. The titles for the blocks in the servo system dia-
gram are: (1) Input Detector, ( 2) Error Detector, 
(3) Servo Amplifier, ( 4) Servomotor. 

A24. A in the diagram is the input signal; it identifies 
the rotational position of the input shaft. 

A25. The magnitude of B, the difference signal, is 
determined by the amount of difference existing 
between the input ( A) and error ( D) signals. 

A26. The name of signal D is error signal. 

A27. In most applications the output of the servo 
amplifier is an AC or pulsating DC voltage. 

A28. Block 4 can be an AC induction motor or a DC 
shunt-field motor. 

A29. Electronic servo amplifiers employ either thyra-
trons or vacuum tubes; the Ward Leonard system 
and the amplidyne are electromechanical servo 
amplifiers. 

INPUT CONTROL FUNCTIONS 

Thus far you have learned how the output control devices 
(servo amplifiers and motors) perform the function of posi-
tioning a load in response to a signal from the input control 
section. The question that remains to be answered is how 
the input control devices detect and match the input and 
error signals to generate a difference signal. 

Input Control Devices 

Earlier in this chapter you were introduced to a hypo-
thetical ship steering system. A simplified version of the 
system is shown below. 
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Synchromechanisms as Input Control Devices 

Although a potentiometer is used for input and error 
detection for many small servo systems, there are devices 
which accomplish these functions better. The most widely 
used is a device called a synchro, or synchromechanism. 
A synchro is basically a transformer with one of its wind-

ings free to rotate. Using this principle, a combination of 
synchros can transmit positional data electrically from one 
location to another or detect and compute the difference 
existing between two or more shaft positions. There are five 
different types of synchro units. 
Synchro Transmitter—This unit is sometimes called a 

synchro generator. When its rotor (rotating winding) is 
turned mechanically, the generator develops a set of voltage 
signals which identify the position of the rotor shaft. 
Synchro Receiver—This receiver is sometimes called a 

synchro motor, repeater, or follower. It has the same elec-
trical construction as the synchro transmitter and receives 
voltage signals to position its rotor at the same positional 
angle as the transmitter rotor. 

Differential Synchro Transmitter—This transmitter de-
velops and transmits the sum or difference (depending on 
connections) of an electrical and a mechanical input signal. 

Differential Synchro Receiver—This receiver develops a 
mechanical ( rotational) output representing the sum or dif-
ference of two electrical input signals. 
Synchro Control Transformer—This transformer has both 

an electrical and a mechanical input. It computes, in the 
form of an electrical signal, the positional difference of the 
two inputs. The output can be used as the input to a servo 
amplifier. 

Q30. In the diagram on the opposite page, the potenti-
ometer arms are selecting the same amount of 
resistance. The servomotor ( will, will not) turn. 

Q31. A synchro unit acts like a(n)   
with a(n) winding. 

Q32. Which syncho unit can be used to transmit a com-
pass direction to a remote location? 

Q33. Which synchro unit can be used as an error 
detector in a servo system? 
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A30. The servomotor will not turn. If the resistances 
at the arms are equal, the selected voltages will 
be equal. The voltage difference at the motor ter-
minals will be zero. 

A31. A synchro unit acts like a transformer with a 
rotating winding. 

A32. A synchro transmitter (develops voltages which 
identify the angular position of its rotor) can be 
used to transmit a compass direction. 

A33. Since it computes the positional difference of an 
electrical and a mechanical input, a synchro con-
trol transformer can be used as an error detector 
in a servo system. 

SYNCHRO FUNDAMENTALS 

You have learned that a synchro unit is constructed phys-
ically as a generator (or motor) but operates electrically as 
a transformer. The figure below shows the construction 
details of a synchro transmitter. A synchro receiver is 
identical with the exception that it has a mechanical damper 
to prevent free-running or oscillation of its rotor. The dif-
ferential units and the control transformer have three rotor 
windings instead of one. 
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Magnetic Fields in a Synchro 

In the illustration below, Part A shows the schematic sym-
bol for a synchro transmitter or receiver. Figure B sub-
stitutes bar magnets for the rotor and stator fields. 

REPRESENTATION OF A SYNCHRO UNIT 
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S1, S2, and S3 are the three stator windings of a synchro. 
They are physically displaced 120' apart, or at equal dis-
tances around a circle. The rotor is free to rotate and is said 
to be positioned at 0° when the axis of the rotor is in line 
with the axis of winding S2, as shown in part A. 
Assuming that the windings are energized, their magnetic 

fields can be represented by the bar magnets shown in part 
B. Regardless of its angular position at the time the fields 
are energized, the rotor will turn to the position shown. The 
north pole of the rotor will be attracted to the south pole of 
S2. The north poles of S, and S3 are at equal distances to 
the left and right. of the rotor and will pull the south pole 
of the rotor to the 180° position. No matter how the rotor 
is manually rotated, it will return to the position shown. 

If the polarities of all four magnets are reversed at the 
same time, as in the case of AC magnetic fields, the rotor 
will remain in the same position. If the three stator mag-
nets are rotated together to the left or right, the rotor 
magnet will follow the rotational movement. 

Q34. If magnet S. in part B above is removed, in which 
direction, if any, would the rotor turn? 

Q35. If magnet S1 is removed, in which direction, if any 
would the rotor turn? 
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A34. The rotor will not turn if magnet So is removed. 
The north poles of S, and S2 will retain an equal 
attraction for the south pole of the rotor, keeping 
it in the same position. 

A35. The rotor will turn clockwise if magnet SI is re-
moved. It will turn until its N and S poles are at 
equal distances from So and S3, respectively. 

Transformer Action in a Synchro Unit 

It is apparent that the rotor will align itself with the 
resultant field of the three stator windings. In the diagram 
shown below, the rotor winding is the primary and the stator 
windings the secondary. 

TRANSFORMER ACTION IN A SYNC/IRO TRANSMITTER 
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In part A, the rotor is positioned at zero degrees. When 
115V AC is applied to the rotor winding (the primary), a 
magnetic field is developed. As in any transformer, lines of 
flux cut the secondary windings inducing a voltage in them. 
The amount of voltage induced depends on the relative 

position of the rotor and stator windings. In part A, maxi-
mum voltage is induced in the So winding because the rotor 
winding is exactly parallel to it. (Lines of flux are cutting 
the coil turns at right angles.) Windings S1 and S3 have a 
smaller induced voltage since the rotor winding and its mag-
netic field are at a 60° angle to their axes. The resultant 
induced magnetic field is shown by broken lines. 
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In part B, the rotor is at the 60° position and aligned 
parallel to the S3 winding. If the stator terminals are again 
short-circuited to permit current flow, maximum voltage will 
be developed across S3. Since the rotor is now displaced 60° 
to either side of S, and So, lesser but equal voltages are 
developed in their windings. The resultant magnetic field 
is shown by broken lines. 
Now imagine the rotor positioned at 30°. In this position 

it is 90° from (at right angles to) the S, winding. The lines 
of flux are parallel to the S, coil turns and not cutting across 
them. No current or voltage is induced. The rotor axis is 
30° from So and S3, and lines of flux are cutting across these 
windings at an angle that is 30° less than maximum (right 
angles). The voltage induced is greater than that of the 60° 
rotor position in part B. 

In the figure below, the stator windings of two synchro 
units are connected together. Because of the position of the 

CURRENT FLOW IN TWO SYNCHRO UNITS 
S S2 

SYNCHRO SYNCHRO 
A 

RIŒ 
115 VAC 

R2 
Ii 

rotor in the left-hand synchro unit, maximum voltage is 
developed across So and lesser voltages across Si and S3. The 
voltages are such that induced current Io is equal to the sum 
of I and 13 induced in Si and S3, respectively. Identical cur-
rents are flowing through the respective stators of synchro 
B. As a result, the voltages developed across the synchro-B 
stator windings are equal to those across the respective 
windings of synchro A. 

Q36. Stator windings are placed degrees apart. 
Q37. The direction of the resultant magnetic fields in 

the two synchros above ( will, will not) be the same. 

Q38. Why is AC instead of DC used in a rotor winding? 
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Your Answers Should Be: 

A36. Stator windings are placed 120 degrees apart. 

A37. The direction of the resultant magnetic fields in 
the two synchros will not be the same. Current 
flows through the stator coils of synchro B in a 
direction opposite to that in synchro A. 

A38. AC is applied to a rotor winding because its vary-
ing current will produce an increasing and decreas-
ing magnetic field. 

A SYNCHRO TRANSMITTER-RECEIVER SYSTEM 

The magnetic field produced by the primary of a trans-
former induces a current in the secondary. Current in the 
secondary winding develops a magnetic field that is opposite 
in polarity to the field in the primary. The diagram below 
shows a similar action occurring in a synchro. Direction of 
the rotor field is shown by a dark arrow. The induced fields 
in the individual stator winds are represented by small white 
arrows showing a direction in opposition to the rotor field. 
The large white arrow shows the direction of the resultant 
stator magnetic field. 

COMPARISON OF RESULTANT MAGNÉTIC FIELDS 

ROTOR 
FIELD 

RESULTANT 
STATOR 
Fl ELD 

In synchro A, the direction of the developed rotor field is 
up, as shown. The induced magnetic fields in the individual 
stators are along their axis but in a downward direction. 
The combination of all the stator fields produces the result-
ant field shown by the large white arrow. It is an induced 
field and is directly opposite to the rotor field. 
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The induced stator currents flowing in synchro B take 
an opposite direction to those in A. Therefore, the individual 
stator fields produced are also in an opposite direction. And 
the resultant stator field is in an opposing direction to its 
counterpart in synchro A. Therefore, the synchro-B stator 
field takes the same direction as the synchro-A rotor field. 

Following is a synchro transmitter and receiver. Note 
that the two rotors are connected to the same AC source. 

MAGNETIC FIELDS IN A TRANSMITTER-RECEIVER SYSTEM 

115 VAC 

STATOR T3 
FIELD 

ROTOR 
FIELD 

SYNCHRO 
TRANSMITTER 

SYNCHRO 
RECEIVER 

S2t, STATOR '0 ' 
FIELD 

ROTOR 
FIELD 

Since the rotor currents are in phase, the directions of 
their magnetic fields will be identical. The stator field in the 
transmitter is opposite to the rotor field. However, the stator 
field of the receiver will be in the same direction as the trans-
mitter rotor field. The rotor field of the receiver will be 
attracted to align itself in the stator field direction. 

If the transmitter rotor is turned, the stator fields in both 
synchros will rotate the same amount. The receiver stator 
field will maintain the same direction as the transmitter 
rotor field. Thus, the rotor of the receiver will follow the 
stator field. 

Q39. If a synchro transmitter rotor is pointing toward 
90°, the transmitter stator field is pointing to-
ward - , the receiver stator field is pointing 
toward - , and the receiver rotor is pointing to-
ward _ 

Q40. For proper operation, the   of the trans-
mitter and receiver must be connected to the same 
voltage source. 
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Your Answers Should Be: 

A39. If a synchro transmitter rotor is pointing toward 
90°, the transmitter stator field is pointing to-
ward 270°, the receiver stator and rotor fields are 
pointing toward 90°. 

A40. For proper operation the rotors of the transmitter 
and receiver must be connected to the same volt-
age source. 

DIFFERENTIAL SYNCHROS 

Differential synchro transmitters and receivers are simi-
larly constructed and have a three-winding rotor. 

TRANSMITTER-DIFFERENTIAL-RECEIVER SYNCHRO SYSTEM 

DIFFERENTIAL 
RECEIVER 

Zero position for a synchro differential is where Ro lines 
up with So. The stator windings of the transmitter develop 
a magnetic field in the differential stators as shown. This 
field induces an opposing differential rotor field which de-
velops a receiver stator field in the opposite direction. The 
interaction of these fields when the transmitter and differ-
ential rotors are turned cause the receiver rotor to turn to 
the difference between the other two rotor positions. 

SUVRACTION 8Y A T-DT-R SYNC/IRO SYSTEM 
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With T and DT motors mechanically turned to 30° and 
210°, the interacting magnetic fields will cause rotor R to 
electrically turn to the difference position, 180'. 

Differential transmitters will add if connected in the man-
ner shown below. Here, SI and S3 of T are crossed to S3 and 
S, of DT. R, and R3 of DT are crossed to S3 and S, of R. 
The angular positions of 75° on T and 175° on DT are added 
to produce an R rotor position of 250'. 

ADDITION 8Y A T-DT-R SYNCHRO SYSTEM 

When connected to two synchro transmitters, the DR 
rotor position is the sum or difference of the rotor positions 
of the two generators. The synchros below are connected 

for subtraction. 

SU8TRACTION 8Y A T-DR-T SYNCHRO SYSTEM 

Addition with a differential receiver recording a sum of 
two angles is accomplished by the following connections. 

ADDITION BY A T-DR-T SYNC/IRO SYSTEM 

Q41. In a T-DR-T system, the inputs to the DR are 
(electrical, mechanical) and its output is 

Q42. In a T-DT-R system, one DT input is electrical 
and the other mechanical; the output is 
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Your Answers Should Be: 

A41. In a T-DR-T system, the inputs to the DR are 
electrical and its output is mechanical. 

A42. In a T-DT-R system, one DT input is electrical 
and the other mechanical; the output is electrical. 

THE SYNCHRO CONTROL TRANSFORMER 

A control transformer (CT) has three stator windings. 
Its rotor is designed to generate a voltage, the amplitude of 
which represents the difference between two angular posi-
tions and the phase of which shows the direction of differ-
ence. 
A SYNCHRO TRANSMITTER-CONTROL TRANSFORMER SYSTEM 

S2 
CONTROL 

TRANSMITTER S2 TRANSMITTER 

RI [Si 

VAC RI 
R2 115  

R2 

The rotor of a control transformer is at zero position when 
it is at right angles to S, as shown in the diagram above. 
The induced stator field in the CT will be in the same direc-
tion as the rotor field of T. In the positions shown, no volt-
age will be produced between RI and Ro of the CT. 

If the T rotor is moved in a clockwise direction, the CT 
stator field will follow. As the stator field of the CT rotates, 
its flux lines cut the rotor winding. Rotation in a clockwise 
direction will produce a voltage in the rotor in phase with 
the AC on the T rotor. When the CT stator field is 90°, the 
voltage between Ili and R, is maximum. A 360° rotation of 
the stator field will produce an AC sine wave. 

If the T rotor is turned in a counterclockwise direction, the 
flux lines of the CT stator field will cut its rotor winding in 
the opposite direction. This will produce a voltage across 
the CT rotor 180° out of phase with the T rotor voltage. 
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The rotor of the control transformer will not turn as the 
result of the moving stator field. It can be rotated by man-
ually turning the rotor shaft. The following diagram demon-
strates what occurs when the rotor is turned. 

ROTATING CT ROTOR TO REDUCE VOLTAGE OUTPUT TO ZERO 

Assume that the T rotor has been turned clockwise from 
0' to 90'. The CT stator field will make the same rotation. 
If the CT rotor remains at 0°, maximum voltage in phase 
with the AC line voltage can be measured across RI and Ro. 
If the CT rotor is now turned to 90°, the voltage reading will 
reduce to zero. In this position the rotor winding is at right 
angles to the stator field. 

It is evident that this type of synchro system can be used 
to develop the difference voltage for a servo system. The 
synchro transmitter rotor can reflect the desired angular 
position and the CT rotor the present position of a load. If 
there is a difference in positions, the magnitude of the volt-
age on the CT rotor will be proportional to the amount of 
difference, and the phase of the voltage will reveal the direc-
tion of difference. 

If more than two position readings are required in a servo 
system, a differential transmitter can be substituted in place 
of the synchro transmitter. The output of the DT to the CT 
will be the sum or difference (depending on the stator and 
rotor connections) of two position conditions. 

Q43. When the stator field of a CT rotates in a(n) 
  direction, the developed voltage is 
in phase with transmitter rotor voltage. 

Q44. Maximum voltage is developed if the stator field 
and rotor winding are (at right angles, parallel). 
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Your Answers Should Be: 

A43. When the stator field of a CT rotates in a clock-
wise direction, the developed voltage is in phase 
with transmitter rotor voltage. 

A44. Maximum voltage is developed when the stator 
field and rotor winding are parallel. 

THE COMPLETE SERVO SYSTEM 

The diagram below illustrates a complete system. 

R1 
•  

•  
R2 

SYNCHRO SYSTEM USED AS INPUT 
CONTROL 

1 SERVO 
AMPLIFIER 

ERROR SIGNAL 
(POSITION OF RUDDER) 

RUDDER 
--(  

The rotor of the synchro transmitter is physically con-
nected to a compass. As the ship swings right or left of the 
established course (set at rotor zero position), the stator 
field of the control transformer will follow the transmitter 
rotor. This will generate a voltage across the rotor of the 
control transformer. The amplitude of the voltage will be 
proportional to the difference between compass and rudder 
positions. The phase will show whether the compass has 
rotated clockwise or counterclockwise. 
The voltage output of the CT rotor is fed to the servo 

amplifier as the difference signal. This unit amplifies the 
signal to the level of power required to operate the servo 
motor. The amplitude of the signal will determine how fast 
the motor will turn the rudder. The phase of the signal will 
control the direction in which it will be turned. 
When the rudder angle has matched the off-course angle 

of the compass, the motor will stop. Since the rudder is con-
nected to the rotor of the control transformer, an error sig-
nal is returned to this synchro unit. As the rudder is turned 
to its desired position, the CT rotor is approaching right 
angle (zero voltage) alignment with the stator field. This 
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causes the difference signal to decrease in amplitude until 
zero voltage is reached when compass and rudder angles are 
the same. 
The rudder angle causes the ship to swing back to its 

course. A new difference signal is generated in the opposite 
phase. The motor turns the rudder in the opposite direction 
and toward amidships again. When the ship is finally on 
course, transmitter and control transformer rotors are in 
alignment and the difference signal is zero. 

SERVO SYSTEM APPLICATIONS 

Commercial and military aircraft use servo systems to 
operate the control surfaces of airplanes and as an auto-
matic pilot to keep the plane on a desired course and alti-
tude. Servos are also used in analog computers to detect 
and compute rates of change of quantities. With an ampli-
dyne, industry uses servo systems to move and position 
heavy loads. 

Military applications include the positioning of radar and 
heavy directional radio antennas, pointing of guns and mis-
sile launchers, automatic control of missile steering mecha-
nisms, and other uses requiring precise positioning of a load 
or rapid data computation. 

Q45. In the diagram on the opposite page, the 
  is an input de-
tector, and the   
is an error detector. 

Q46. Since the servo amplifier output is being applied 
to the armature of the servo motor, the motor is 
(DC, AC). 

Q47. If the motor were (DC, AC), the output would be 
applied to one of two fields in the motor. 

Q48. The following synchro units have three windings 
on their rotors: (a)   
  ; (b)   

• 
Q49. The following synchro units have a single wind-

ing on their rotors: (a)   ; (b) 

  ; (e)   
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Your Answers Should Be: 

A45. In the diagram on the opposite page, the synchro 
transmitter ( T), is an input detector, and the con-
trol transformer ( CT) is an error detector. 

A46. Since the servo amplifier output is being applied 
to the armature of the servo motor, the motor is 
DC. 

A47. If the motor were AC, the output would be applied 
to one of two fields in the motor. 

A48. The following synchro units have three windings 
on their rotor: (a) differential transmitter; (b) 
differential receiver. 

A49. The following synchro units have a single winding 
on their rotors: (a) transmitter; ( b) receiver; ( e) 
control transformer. 

WHAT YOU HAVE LEARNED 

1. A servo system is a combination of devices which per-
mit automatic control and positioning of a load. Each 
system, large or small, includes two functions—input 
control and output control. The former detects a devia-
tion between desired and existing position of a load and 
sends a correcting signal to the output control function 
which realigns the load. 

2. The input control function contains an input detector 
and an error detector. The output control function has 
a servo amplifier and a servomotor. Two of these oper-
ations can be contained in a single device, or several 
mechanisms may be required to perform a single oper-
ation. 

3. An open servo system has some of its operations per-
formed by manual or semiautomatic means. A closed 
system is completely automatic. 

4. An AC servomotor, normally an induction type, is used 
in a control system when low power and low speed are 
permissible. High torque and/or a wide speed range 
calls for a shunt or permanent magnet DC motor. 
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5. The purpose of a servo amplifier is to convert a differ-
ence signal into sufficient power and polarity to turn a 
servomotor in the correct direction at the desired speed. 

6. Electronic servo amplifiers, vacuum-tube or thyratron, 
can be designed to drive either an AC or DC servomotor. 

7. When large amounts of power are required to move a 
load in a servo system, electromechanical DC servo 
amplifiers are used. Examples are the Ward Leonard 
DC generator-motor and the amplidyne. Because it has 
a short-circuited generator armature, an amplidyne has 
a power amplification factor of up to 10,000 or greater. 

8. The most widely used device to perform the input con-
trol function of input- and error-signal detection is the 
synchro. A synchro unit is basically a transformer with 
one of its windings free to rotate. Synchro units may 
also he used to transmit data between remote locations. 

9. A synchro transmitter or receiver contains three stator 
windings (placed 120' apart) and a rotor with a single 
winding. If AC is applied to the rotor, the magnetic 
field induces current and a magnetic field in the stator 
windings. The rotor and stator fields lie along the same 
axis but take opposite directions. If the stator termi-
nals of two synchro units are connected, the induced 
stator field of the second unit will take the same direc-
tion as the rotor field of the first unit. 

10. A data-transmission system can be formed by connect-
ing the stator windings of a synchro transmitter to 
those of a synchro receiver. Since the receiver stator 
field follows the rotation of the transmitter rotor field 
and since the receiver rotor field will line up with its 
stator field, the receiver will precisely duplicate the 
angular position of the transmitter. 

11. Differential synchro transmitters and receivers have 
three stator windings and three rotor windings. A 
differential transmitter receives an electrical and a 
mechanical input and delivers an electrical output. A 
differential receiver accepts two electrical inputs and 
delivers a mechanical output. When connected to other 
synchro units, a differential will develop the sum or dif-
ference of two positions, depending on the connections. 
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12. A control transformer has three stator windings and 
a single-coil rotor which will develop a voltage of an 
amplitude proportional to the difference of its rotor and 
stator fields, and of a phase representative of the direc-
tion of difference. When a synchro transmitter is con-
nected to a control transformer, the pair can perform 
the input control function of a servo system. 
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Index to the Series 

Boldface numeral indicates volume number: lightface numeral indicates 
page in that volume. For example: 

Ampere, 1-48, 3-18 

means that ampere appears on page 48 of Volume 1 and on 
Volume 3. 

AC 
plate resistance, 3-55 
voltmeter, 4-44 

Acceptor atoms, 3-89 
Actuating signal, 5-186 
Adjustable resistor. 1-119 
Airline wiring diagram, 1-94 
Alignment, superheterodyne, 4-210 
Alpha amplification-factor test, transistor, 

4-160 
Alternating current, 1-52 

application, 2-189 
sources, 2-188 

Alternator, 5-99 
Ammeter. 1-42, 60 

connection, 1-68 
Ampere, 1-48, 3-18 
Amplidyne, 5-199 
Amplification, 3-43, 154 

factor, 3-55 
Amplifier, 1-150, 284 

cascaded. 3-159 
class, 1-152 
DC, 3-168, 192 
impedance-coupled, 3-164 
Power, 3-155 
RC-coupled, 3-160, 189 
transformer-coupled, 3-165, 190 
transistor, 3-108 
triode. 3-141 
tuned. 3-195 
voltage, 3-155 

Amplitude modification. 4-185 
AND gate, 3-214 
Antenna, 1-271 
Armature. 5-20. 99 

coil, 5-44 
core, 5-42 
loss, 5-79 
reaction, 5-58, 79, 108 

Atom, 2-18 
Atomic structure, 1-106 
Attenuator, 4-204 
Audio 

amplifier, 1-275, 299 
-frequency 

circuits. 1-270 
function, 1-280 

signal generator, 4-189 
modulation. 1-282 
oscillator, 4-203 

Automatic 
grid bias, 3-156 
volume control, 4-209 

Automobile circuits, 2-118 
Avalanche breakdown, 3-97 
AVC, 4-209 

page 18 of 

Back-to-front resistance ratio, 4-156 
Balanced load, 5-152 
Barrier 

-layer rectifier, 5-176 
region. 3-93 
voltage, 3-92 

Base, transistor, 3-90 
Beta amplification-factor test, transistor, 

4-161 
Bias 

cathode, 3-158 
forward. 3-94 
grid. 3-68. 156 
reverse. 3-93 

Biasing, 3-146 
Bistable multivibrator, 3-210 
Blanking pulse, 3-214 
Bridge 

capacitance, 4-174 
circuit, VTVM, 4-54 
inductance, 4-180 
rectifier, 3-128 
resistance, 4-168 
Wheatstone, 4-170 

Broadcast frequencies, 1-263 
Brushes, 5-30 

Capacitance 
bridge, 4-174 
measurement. 2-250 
stray, 2-261 

Capacitive 
filter, 3-130 
reactance, 2-257 

Capacitor 
characteristics, 1-204 
charge and discharge, 1-202 
combinations, 2-264 
construction, 1-199 
measurement units, 1-204 
motor. 5-135 
voltage rating, 1-205 

Carbon resistor, 1-119 

219 



Carrier frequency, 1-265, 268, 290 
Cascaded amplifier, 3-159 
Cathode 

bias, 3-158 
definition of, 3-21 
directly heated, 3-22 
indirectly heated, 3-22 
-ray tube, 4-71 
temperature. 3-28 

Cells and batteries. 1-96 
Characteristics 
DC-generator, 5-62 
diode, 3-96 
waveform, 4-66, 105 
vacuum-tube. 3-50; 4-134 

Chemical voltage sources, 2-53 
Circuit tracing. 1-127 
Clamping, 3-41 

circuit. 3-222 
Clipping. 3-40 
Closed circuits. 1-45 
Coils, 1-99 
Cold resistance. 1-116 
Collector, transistor, 3-90 
Colpitts oscillator, 3-173 
Common 

-base amplifier. 3-109 
-collector amplifier. 3-111 
-emitter amplifier, 3-110 
point, 5-147 

Commutating 
plane, 5-47 
poles, 5-59 

Commutator. 5-30 
connections, 5-40 
output, 5-48 

Compensating windings, 5-60 
Compensator. 5-138 
Complementary circuit, 3-194 
Conductor. 1-39; 2-30 
Connectors, 1-42 
Constant 

-current generator, 3-154 
-voltage generator. 3-153 

Contact rectifier. 5-176 
Contrast control, 1-300 
Control 

circuits. 1-151 
transformer, synchro. 5-203 

Conventional current. 1-50 2-45 
Converter 
AC-to-DC, 5-172 
DC-to-AC, 5-168 
DC-to-DC, 5-170 
input. 1-32 
output, 1-32 

Copper 
loss, 5-56 
-oxide rectifier. 5-176 

Coulomb, definition of, 3-18 
Counterelectrode, 5-176 
Counter emf. 5-80 
Covalent bond. 3-82 
Cross magnetization, 5-58 
Crystal-diode test, 4-156 
Cumulative-compound DC motor. 5-84 
Current. 1-48 

definition of. 3-18 
flow 

direction of. 1-50 
parallel circuit. in. 2-119 

measurement, 1-68; 2-48 
gain, transistor, 3-178 
units and symbols, 2-46 

Cutoff voltage. 3-53 

Damping, 4-193 
DC 

amplifier, 3-168, 192 
blocking, 1-208 
motor, 2-182: 5-80 

220 

DC (continued) 
power supply, 1-220 
restoration. 3-41 
restorer, 3-222 
voltmeter, 4-42 

Decay time, 3-201 
Deflection 

angle, 4-82 
control, CRT, 4-96 
factor, 4-91 
sensitivity. 4-90 

Deionizing potential. thyratron, 4-109 
Delta connection, 5-154 
Designation, CRT. 4-92 
Detector, 1-275, 298; 3-40 
Diagram. two-dimensional, 1-88 
Differential 
-compound DC motor, 5-84 
synchro. 5-203, 210 

Diode 
application. 3-40 
characteristics. 3-96 
detector, 3-40 
reaction, 1-216 
vacuum-tube, 3-24 

Direct 
-coupled amplifier, 3-168. 192 
current, 1-50 

Directly heated cathode, 3-22 
Diverter, 5-67 
Donor atoms, 3-87 
Doping, 3-85 
Double-squirrel-cage motor, 5-129 
Drum armature core, 5-43 
Dry cell. 2-56 

Eddy currents, 5-56 
Edison effect, 3-24 
Efficiency, motor. 5-93 
Electric 

charge, 2-33 
current. 2-44 
field. 2-42; 3-17 

Electricity, production of, 2-28 
Electromagnetic 

frequency spectrum, 1-262 
force, 1-26 
radiation. 1-261 

Electromagnetism, 1-26 
Electromagnet. 2-164 
Electrochemical DC servo amplifier, 5-198 
Electromotive force. 2-50 
Electronic 

rectifier, 5-174 
switch. 3-212 

Electron 
current. 1-51 

theory, 2-45 
flow, 1-106 
free, 3-21 
gun, 4-78 

Electrostatic field, 4-71 
Elements, 3-80 
Emf, 5-20 
Emission 

photoelectric. 3-21 
saturation, 3-31 
secondary, 3-76. 145 
test, 4-141 
tube tester, 4-141 

Emitter. transistor. 3-90 
Envelope, modulation, 4-186 
Equivalent circuits, 3-153, 154 
Error 

detector, 5-187 
signal. 5-186 

Extinction potential. 3-205 

Feedback. 3-72, 170; 4-190 
Fidelity, 4-199 



Filter 
capacitive. 3-130 
circuit. 1-220 
L-section. 3-132 
pi-section. 3-134 

Filtering. 3-120 
Fine-tuning control, 1-296 
Firing potential. 5-196 
Fixed resistor. 1-119 
Flashing the field, 5-51 
Flat-compounded generator, 5-67 
Flip-flop multivibrator, 3-210 
Focus control, 4-79 
Forward bias. 3-94 
Fractional-pitch winding, 5-45 
Free electrons, 2-20 : 3-21 
Frequency 

control. 5-109 
converter. 5-178 
divider, 3-216 
measurement, 4-126 
modulation. 1-276; 4-187 
response, 4-199 

Full-wave rectifier. 3-119, 126: 5-170. 175 

Gain, 1-64 
test, transistor. 4-161 

Ganged switches, 4-24 
Gas test, 4-149 
Gate circuit. 3-214 
Generator 
AC. 5-28 
compound. 5-54 
constant-current. 3-154 
constant-voltage, 3-153 
DC. 5-29 
induction, 5-102 
losses. 5-56 
parallel operation of, 5-70 
pulse, 3-169 
ratings. 5-107 
sawtooth, 3-204 
self-excited. 5-51 
separately excited. 5-50 
series, 5-52 
shunt. 5-52 
signal. 4-183 
square-wave, 3-169 

Germanium 
intrinsic, 3-83 
N-tyPe, 3-86 
P-tyPe, 3-88 

Gramme-ring armature core, 5-42 
Graticule. 4-90 
Grid 

bias, 3-68. 156 
-leak resistor, 3-161 
suppressor, 3-77 
vacuum-tube, 3-44 

Half-wave rectifier, .3-118, 124 : 5-175 
Hartley oscillator. 3-172 ; 4-202 
Heater, vacuum-tube, 3-22 
Heat-generated voltage, 2-62 
Heterodyning, 4-206 
High-voltage 
power supply, 1-311 
probe, 4-60 

Highway wiring diagram, 1-93 
Horseshoe magnet, 2-160 
Hot resistance, 1-116 
Hysteresis, 2-171 : 5-57 

IF amplifier. 1-275. 297, 300 
Impedance. 2-241. 269 

-coupled amplifier, 3-164 
matching. 3-160 

Indirectly heated cathode, 3-22 

Induced current, 1-81 
Inductance 

application of, 2-226 
measurement, 4-180 

Induction, 5-18 
generator, 5-102, 180 
motor. 5-125 

Inductive 
circuit. 2-233 
reactance, 2-224 

Input 
control devices, 5-202 
converter. 1-32 
resistance, transistor, 3-180 

Insulators. 1-40 ; 2-31 
Interelectrode capacitance, 3-72, 144 
Interlaced scanning, 1-288 
Intermediate frequency, 4-206 
Interpoles. 5-59 
Intrinsic germanium, 3-83 
Inverter, 5-171 
Ions. 2-22 
IR drop, 2-135 

Junction transistor, 3-100 

Kirchhoff's laws. 2-143 
Knife switch, 1-45 

Lamp-control circuit, 1-110 
Lap winding, 5-45 
Lead-acid cell, 2-56 
Leakage, 4-137 

test, transistor. 4-160 
Left-hand rule, 2-165 ; 5-23, 27 
Light-generated voltage, 2-64 
Limiter, 3-218 
Limiting, 3-40 
Linear scale, 4-27 
Line 

current. 5-150 
voltage, 5-149 

Lissajous figures, 4-123 
Load 

line. 3-148 
resistor, 1-225 

Logic circuit, 3-214 
Long-shunt 

generator, 5-55 
motor. DC. 5-84 

L-section filter, 3-132 

Magnet, 2-152 
Magnetic 

amplifier. 2-310 
field, 2-156. 166 
flux, 2-162 
lines of force, 2-156 
molecular alignment, 2-154 
permeability, 2-174 
poles, 2-158 
voltage source, 2-60 

Magneto. 5-49 
Magnetomotive force, 2-170 
Majority carriers. 3-87 
Matching impedance. 3-160 
Measurement 

capacitor leakage, 4-179 
capacity. 4-174 
frequency, 4-126 
inductance, 4-180 
mutual-conductance. 4-142 
phase. 4-123 
power factor, 4-178 
Q. 4-181 
resistance, 1-112 4-168 

Meter 
resistance, 1-142 
scale, 1-113 
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Meter (continued) 
sensitivity, 4-20 
torque, 4-20 

Meters, 1-55. 98; 2-183 
Mho. 3-61 
Microphonics, 4-137 
Milliammeter, 4-36 
Minority carriers. 3-87 
Mixer. 1-274, 283, 296 
Modulation. 4-185 
Modulator, 1-283 
Molecule, 2-18 
Motor 
DC, 5-32 
definition of, 5-21 
-generator, 5-168, 172 
squirrel-cage, 5-126 
wound-rotor, 5-127 

Multielement tubes, 1-232 
Multigrid tubes, 3-72 
Multimeter, 1-61 4-18 

accuracy. 4-28 
characteristics. 1-62 
circuits. 4-36 
safety rules, 1-70 

Multiple-range meter scales, 4-29 
Multiplier, 1-284 
Multivibrator, 3-206 
Multiwire diagram, 1-92 
Mutual-conductance tube tester, 4-141 

Negative feedback, 3-72 ; 4-190 
Neutral 

plane. 5-47 
point, 5-147 

Noise test, 4-150 
Nonsinusoidal waveshapes. 1-254 
NPN transistor, 3-99 
N-type germanium, 3-86 

Ohm's law, 1-141 ; 2-86, 204 
Ohmmeter 

circuits, 4-32 
scales, 1-112 ; 4-31 
transistor test, 4-160 

Open 
circuit, 1-45 
delta, 5-162 
servo system, 5-188 

Operating point 
load-line, 3-150 
transistor. 3-184 

OR gate, 3-214 
Oscillator, 1-274: 5-180 

audio, 4-203 
Colpitts, 3-173 
Hartley. 3-172; 4-202 
phase-shift, 4-196 
self-excited, 4-194 
Wien-bridge, 4-198 

Output converter, 1-32 
Overcompounded generator, 5-67 

Padder capacitor, 4-215 
Parallel 

circuits. 1-134: 2-136 
connection, 1-127 
operation, 5-114 
DC generators, 5-70 

resonant circuit. 2-285 
RLC circuit, 2-286 

Parallel three-phase generator, 5-116 
Parameters, vacuum-tube, 3-54 
Passband, 3-188 
Pentode, 3-76, 144 
Per cent of modulation, 4-186 
Phase, 2-205, 240, 252 

current, 5-150 
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Phase (continued) 
measurement. 4-123 
-shift oscillator. 4-196 
voltage, 5-149 

Photoelectric emission, 3-21 
Photosensitive, definition of, 3-21 
Pigtail splice, 1-176 
Pi-section filter. 3-134 
Plate 

resistance. 3-38 
AC, 3-55 

vacuum-tube, 3-23 
voltage, 3-28 

PN junction, 3-91 
PNP transistor, 3-100 
Point-contact transistor, 3-100 
Polarized electromagnet, 2-177 
Pole 

pitch, 5-44 
span, 5-44 

Polyphase 
induction motor, 5-125 
machines. 5-103 

Positive feedback, 3-170; 4-190 
Potential. 2-50 
Power, 2-256 

factor. 4-178; 5-124 
gain. transistor. 3-101 
measurement, three-phase, 5-156 
RLC circuit. in, 2-290 
supply, 1-273 
CRT. 4-95 
full-wave. 1-222, 234 

Pressure-generated voltage, 2-66 
Prime mover, 5-100 
Probe 

high-voltage. 4-60 
RF. 4-61 
voltmeter. 4-59 

P-type germanium. 3-88 
Pulse. 2-198 

blanking, 3-214 
circuit, definition of, 3-199 
generator. 3-169 
measurement, 2-200 
response, 2-230 
RLC circuit. in, 2-292 

Punch-through test, transistor, 4-161 

Q factor. 2-238 
Q measurement. 4-181 
Quiescent state, transistor, 3-203 

Radio 
receiver, 1-272 
transmitter, 1-264 

Ratings, generator, 5-107 
RC 

circuit, 2-268 
-coupled amplifier, 3-160, 189 
time constant. 2-273 

Receiver operation, 1-80 
Rectifier 

bridge, 3-128 
diodes, 5-177 
full-wave. 3-119 
half-wave, 3-118 
stack, 5-177 

Rectification, 3-41 
Regulated power supply, 3-123, 135 
Reluctance, 2-161 
Repulsion-induction motor, 5-136 
Residual magnetism, 2-171 ; 5-51 
Resistance 

bridge, 4-168 
materials, of, 1-107 
measurement, 1-115 
units and symbols, 2-72 

Resistor 
application, 1-120 



Resistor (continued) 
color code, 1-124 
power rating. 1-120 
tolerance, 1-122 
values, 2-74 

Resonance, 2-278 
Resonant circuit. 3-170 
Restoration. DC, 3-41 
Reverse 

bias, 3-93 
-to-forward resistance ratio, 4-156 

RF 
amplifier, 1-296 
probe. 4-61 
signal generator. 4-202 

Rheostat, 1-110 
Right-hand rule, 2-180 
Ripple voltage. 3-130 
Rise time, 3-201 
RLC impedance, 2-277 
Rms current and voltage. 5-151 
Rotary converter, 5-173 
Rotor, 5-203 

Saturation, 2-173 
emission, 3-31 

Sawtooth 
generator. 3-204 
voltage, 2-200 
waveform characteristics, 4-105 

Scanning, 1-287, 304 
Schematic diagram. 1-95 
Schmitt trigger. 3-220 
Screen grid, 3-75, 144 
Secondary emission. 3-76, 145 
Segmenta, commutator, 5-30 
Selenium rectifier, 5-176 
Self-excited oscillator, 4-194 
Semiconductor 

rectifier. 5-176 
testing, 4-154 

Series 
circuits, 1-127 : 2-99. 132 
-parallel circuit, 1-99, 127, 138 ; 2-138 

Servo 
amplifier, 5-187, 194, 200 
system, 5-186 

Servomechanism, 5-186 
Servomotor. 5-187 
Shaded-pole motor, 5-132 
Short-shunt 
DC motor. 5-84 
generator, 5-55 

Shorts test, 4-151 
Shunt 

-field motor. 5-192 
ohmmeter. 4-38 

Sine wave 
generation, 2-192 
measurement. 2-194 

Single phase. 5-103 
AC motor, S-130 

Skin effect, 2-212 
Signal 

generator, 4-183 
AF, 4-189 
RF, 4-202 

substitution. 4-217 
tracing, 4-218 

Slip, 5-128 
rings, 5-28 

Soldering, 1-170 
Solenoid, 2-176 
Solid-state diode. 1-214 
Sound 
-powered telephone, 1-80 
principles of, 1-75 

Space charge, 3-30 
Speaker, 1-28 
Specific resistance, 2-70 
Specifications, transistor, 3-114 

Speed control. 2-110; 5-94 
Splices. 1-176 
Split-phase motor, 5-134 
Square-wave generator, 3-169 
Squaring circuit. 3-220 
Squirrel-cage motor, 5-126 
Stable state. transistor. 3-203 
Star connection. 5-146 
Starter. motor, 5-86 
Starting 

box, 5-87 
motor, induction, 5-138 

Static electricity. 2-32 
Step counter, 3-216 
Storage time. 3-201 
Superheterodyne. 4-205 
alignment, 4-210 

Suppressor grid, 3-77, 145 
Surge current. 3-131 
Sweep 

circuits. 1-310 
oscillator. 4-106 

Switches. 1-45; 2-83 
ganged, 4-24 

Sync circuits, 1-308; 4-112 
Synchromechanisms, 5-203 
Synchronous 

alternator. 5-100 
converter, 5-173 
motor, 5-123 
speed, 5-123 

Tank circuit, 3-171 ; 4-195 
Telegraph, 1-28 
Telephone, 1-76 
Television 

audio transmitter. 1-281 
camera, 1-286 
receiver, 1-294 
sound section, 1-297 
transmitter, 1-279. 286 
transmitting antenna, 1-292 
wave propagation, 1-292 

Tertiary winding, 3-196 
Test leads. 1-65 
Tetrode, 3-74, 144 
Thermal runaway. 3-97 
Thermionic emission, 3-21 
Three-phase 

alternator, 5-106 
transformer, 5-160 

Thyratron, 3-205: 5-196 
amplifier, 5-201 
deionizing potential. 4-109 
sawtooth generator, 4-108 

Time 
constant. 2-238, 295 
delay, 5-91 

Timing 
circuit. 1-206 
generator, 1-289 

Toroid, 2-176 
Torque. 5-24 
Trailing edge. waveform. 3-201 
Transductance, 3-55, 61 

test. 4-146 
Transformer, 2-228. 301 

action. 1-188; 5-206 
characteristics. 1-190 
connections, 5-160 
-coupled amplifier, 3-165. 190 
efficiency, 2-306 
principle, 1-187 
losses, 2-301 
power, 2-304 
types. 2-308 
windings, 1-186 

Transient operation, 3-200 
Transistor 

alpha amplification factor, 4-161 
amplifier, 1-162; 3-108 
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Transistor (continued) 
beta amplification factor, 4-161 
current gain, 3-178 
gain test. 4-161 
input resistance. 3-180 
junction, 3-99 
leakage test, 4-161 
NPN, 3-99 
ohmmeter test. 4-160 
operating point. 3-184 
operation. 3-101 
PNP, 3-100 
point-contact, 3-100 
power gain, 3-181 
punch-through test, 4-161 
quiescent state, 3-203 
specifications, 3-114 
states. 3-202 
symbols, 1-156 
voltage 

divider, 1-152 
gain, 3-178 

Transmission, power, three-phase, 5-146 
Transmitter 

operation, 1-79 
power, 1-265 

Trimmer capacitor, 4-215 
Triode 

amplifier, 1-236; 3-141 
vacuum-tube, 1-230; 3-43 

Troubleshooting. 4-227 
Tube tester, how to use, 4-152 
Tuned amplifier, 3-195 
Turns ratio, 1-192 
Two 

-dimensional diagram. 1-88 
-phase alternator. 5-104 
-stage amplifier, transistor, 3-188 

Undercompounded generator. 5-67 
Universal motor, 5-137 

Vacuum-tube 
amplifier, 5-201 
characteristics, 3-28, 50: 4-135 
constants, 3-55 
defects, 4-136 
diode, 1-212 
grid. 3-44 
leakage. 4-137 
manual, 3-63 
microphonics, 4-137 
parameters, 3-54 
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Vacuum-tube (continued) 
switch, 3-210 
tester, 4-140 
types, 4-134 

Variable resistor. 1-119 
Vibrator, 5-168, 180 
Video 

amplifier, 1-301 
detector, 1-301 
-frequency functions, 1-280 
modulation, 1-290 
section. 1-300 
signal, 1-290 

Voltage. 1-48 2-50 
amplifier, 3-155 
definition of. 2-51 
divider, 2-107 
division. 2-134 
drop, 2-90, 104 
gain. 3-154 

transistor, 3-178 
measurement, 1-64 
ratio, 1-191 
regulation, 5-68, 110 
regulator. 5-68, 112 
sources, 1-37, 98 
units and symbols. 2-51 

Voltmeter, 1-58, 144 
AC. 4-44 
connection, 1-64 
DC. 4-42 
probe. 4-59 
sensitivity. 1-145 

VTVM, 4-52 
bridge circuit, 4-54 
precautions, 4-64 

Ward Leonard 
speed control, 5-96 
system, 5-198 

Wave winding, 5-46 
Waveform characteristics, 4-66 
Wein-bridge oscillator, 4-198 
Western-Union splice, 1-177 
Wheatstone bridge, 4-170 
Wire stripping, 1-40 
Wirewound resistor, 1-119 
Wiring diagram, 1-88 
Wound-rotor motor, 5-127 
Wye connections, 5-146 

Zero beat, 4-212 
Zero-ohms adjust, 4-35 
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Preface to the Series 

We live in a world of electricity and electronics. Electrical 
power provides us with artificial light and heat and the 
energy for doing many kinds of work. Electricity is the 
basis of radio, television, computers—the entire area of 
science known as electronics. 
Although our advances in technology have reached the 

point where we can successfully break the space barrier, we 
are still learning new things about electricity and electron-
ics. One of the reasons for this is that electricity has cer-
tain intangible aspects. In other words, electricity cannot 
be observed by our human senses in the normal manner. 
However, we can observe the results of the existence of 
electricity, and we are continually finding new ways to use 
it, particularly in the field of electronics. 

Electronics is a relatively new science. Even though we 
can trace electricity back to Franklin, Bell, and Edison, elec-
tronics goes back only a few decades to discoveries and 
developments by such people as Marconi and De Forest. In 
fact, electronics didn't really become a full-fledged science 
until radio came into being. World War II brought about 
the need for rapid technological developments, and long-

range radio, radionavigation, radar, sonar, etc., became reali-
ties. In the years since World War II, developments in elec-
tronics have continued at a rapid pace; actually, the pace 



has been so rapid that educational and training facilities 
have had difficulty keeping up. 
The science of electronics has expanded to such a breadth 

and depth that now it is really a combination of specialized 
technologies. Yet, these individual technologies are all based 
on the same fundamental principles, principles which here-
tofore were difficult to comprehend because of the teaching 
materials and methods available. 

This 5-volume series represents a major step toward a 
unified and simplified approach to the principles of elec-
tricity and electronics. Utilizing all the modern techniques 
known to motivate and enhance learning, the content is de-
signed to serve as a standard curriculum. Moreover, the 
programmed format has been specially prepared to provide 
a self-teaching tool; instructors using these volumes as 
classroom texts will therefore be able to teach the subject 
more objectively and with greater efficiency than ever before. 
While each volume has been carefully written to "stand 

on its own," an understanding of the principles involved in 
each volume requires knowledge of the material presented 
in the previous volumes. The first volume in the series pro-
vides a general introduction to the overall subject of elec-
tricity and electronics. This volume is intended primarily to 
provide a foundation for the study of later volumes in the 
series. However, it can be used without the other volumes 
by the reader who requires only a relatively simple coverage 
of the subject. 
The second volume covers basic AC and DC circuits. For 

the reader who has some knowledge of basic electricity, 

this volume can stand alone as a general text on circuit 
fundamentals. 

The third volume is a complete text on the subject of 
tube and transistor circuits. It is written on the assumption 

that the reader is familiar with the principles covered in the 
first two volumes. 

The first three volumes offer coverage of general electrical 
and electronic principles. They provide the basis for further 
study of a general or specialized nature. 
The fourth and fifth volumes deal with specialized areas 

of study. If the reader already has a thorough understand-



ing of the material presented in the earlier parts of the 
series, either of the last two volumes can be used alone as 
a text in its specialized field—test equipment and servicing 
in Volume 4, and motors and generators in Volume 5. 
Many authors, editors, and consultants have contributed 

to the development of this series. It is their hope that it 
will serve the long-felt need for a standard text that can 
be used as self-teaching guide or used in any type of train-
ing course that requires an understanding of the principles 
of electricity and electronics. 

TRAINING & RETRAINING, INC. 

April, 1964 
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Introduction 

This first volume in the series carefully explains the basic 
principles that are the foundation for understanding elec-
tricity and electronics. Following a unique method of 
presentation, these principles are related through simple 
analogies to devices with which you are familiar. You will 
learn that the principles are the same for both electricity 
and electronics and that they are not difficult to master. 
When you complete the volume, you will be able to under-
stand what makes electrical and electronic devices work, and 
to discuss with confidence the applications of these principles. 
The knowledge gained from this volume will serve as an 

excellent foundation for further studies in the vast fields 
of electricity and electronics. The conventional method of 
learning these subjects is through study of the many indi-
vidual parts, leaving it to the student to tie them together 
when he has finished. Experience has shown that this ap-
proach is not always successful. Therefore, this text devel-
ops only the basic principles, applies them immediately to 
familiar devices, and summarizes their applications in elec-
tronic equipment. In other words, this volume presents a 
"big picture" of the electrical/electronic field in a manner 
that is easily understood. The reader can study the subject 
without fear of becoming lost in details; he will always be 
able to relate what he learns to appropriate applications in 
the "big picture." This approach has been tried and proved 
successful in training thousands of students. 



WHAT YOU WILL LEARN 

This volume clearly explains the principles of voltage, cur-
rent, and resistance, as well as their relationships to each 
other. You will learn the basic requirements of DC and AC 
circuits, how to use meters as test instruments, how parts 
are connected, how to read schematic diagrams, and how 
proper soldering techniques are carried out. You will also 
learn about the construction and operation of coils, capaci-
tors, transformers, diodes, transistors, and vacuum tubes. 
You will discover how basic electrical devices work, includ-
ing telephone systems, radio and television transmitters and 
receivers, etc. In addition, the text describes experiments 
that you can perform to improve your understanding of 
some of the more important principles. 

WHAT YOU SHOULD KNOW BEFORE YOU START 

The only prerequisites for learning electricity and elec-
tronics from this text are an ability to read and a desire 
to learn. All terms are carefully defined. Enough math is 
used to give precise interpretation to important principles, 
but if you know how to add, subtract, multiply, and divide, 
the mathematical expressions will give you no trouble. You 
will be shown how to interpret the meanings of simple math-
ematical expressions—which, incidentally, is more important 
to your learning than actually solving the problems. 

WHY THE TEXT FORMAT WAS CHOSEN 

During the past few years, new concepts of learning have 
been developed under the common heading of programmed 
instruction. Although there are arguments for and against 
each of the several formats or styles of programmed text-
books, the value of programmed instruction itself has been 
proved to be sound. Most educators now seem to agree that 
the style of programming should be developed to fit the 
needs of teaching the particular subject. To help you pro-
gress successfully through this volume, a brief explanation 
of the programmed format follows. 
Each chapter is divided into small bits of information 

presented in a sequence that has proved best for learning 



purposes. Some of the information bits are very short—a 
single sentence in some cases. Others may include several 
paragraphs. The length of each presentation is determined 
by the nature of the concept being explained and the knowl-
edge the reader has gained up to that point. 
The text is designed around two-page segments. Facing 

pages include information on one or more concepts, complete 
with illustrations designed to clarify the word descriptions 
used. Self-testing questions are included in most of these 
two-page segments. Many of these questions are in the form 
of statements requiring that you fill in one or more missing 
words; other questions are either multiple-choice or simple 
essay types. Answers are given on the succeeding page, so 
you will have the opportunity to check the accuracy of your 
response and verify what you have or have not learned be-
fore proceeding. When you find that your answer to a ques-
tion does not agree with that given, you should restudy the 
information to determine why your answer was incorrect. 
As you can see, this method of question-answer program-
ming insures that you will advance through the text as 
quickly as you are able to absorb what has been presented. 
The beginning of each chapter features a preview of its 

contents, and a review of the important points is contained 
at the end of the chapter. The preview gives you an idea 
of the purpose of the chapter—what you can expect to learn. 
This helps to give practical meaning to the information as 
it is presented. The review at the completion of the chapter 
summarizes its content so that you can locate and restudy 
those areas which have escaped your full comprehension. 
And, just as important, the review is a definite aid to reten-
tion and recall of what you have learned. 

HOW YOU SHOULD STUDY THIS TEXT 

Naturally, good study habits are important. You should 
set aside a specific time each day to study in an area where 
you can concentrate without being disturbed. Select a time 
when you are at your mental peak, a period when you feel 

most alert. 
Here are a few pointers you will find helpful in getting 

the most out of this volume. 



I. Read each sentence carefully and deliberately. There 
are no unnecessary words or phrases ; each sentence pre-
sents or supports a thought which is important to your 
understanding of electricity and electronics. 

2. When you are referred to or come to an illustration, 
stop at the end of the sentence you are reading and 
study the illustration. Make sure you have a mental 
picture of its general content. Then continue reading, 
returning to the illustration each time a detailed 
examination is required. The drawings were especially 
planned to reinforce your understanding of the subject. 

3. At the bottom of most right-hand pages you will find 
one or more questions to be answered. Some of these 
contain "fill-in" blanks. Since more than one word might 
logically fill a given blank, the number of dashes indi-
cates the number of letters in the desired word. In 
answering the questions, it is important that you 
actually do so in writing, either in the book or on a 
separate sheet of paper. The physical act of writing 
the answers provides greater retention than merely 
thinking the answer. Writing will not become a chore 
since most of the required answers are short. 

4. Answer all questions in a section before turning the 
page to check the accuracy of your responses. Refer to 
any of the material you have read if you need help. If 
you don't know the answer even after a quick review 
of the related text, finish answering any remaining 
questions. If the answers to any questions you skipped 
still haven't come to you, turn the page and check the 
answer section. 

5. When you have answered a question incorrectly, return 
to the appropriate paragraph or page and restudy the 
material. Knowing the correct answer to a question is 
less important than understanding why it is correct. 
Each section of new material is based on previously 
presented information. If there is a weak link in this 
chain, the later material will be more difficult to 
understand. 

6. In some instances, the text describes certain principles 



in terms of the results of simple experiments. The in-
formation is presented so that you will gain knowledge 
whether you perform the experiments or not. However, 
you will gain a greater understanding of the subject if 
you do perform the suggested experiments. 

7. Carefully study the review, "What You Have Learned," 
at the end of each chapter. This review will help you 
gauge your knowledge of the information in the chapter 
and actually reinforce your knowledge. When you run 
across statements you don't completely understand, 
reread the sections relating to these statements, and 
recheck the questions and answers before going to the 

next chapter. 

This volume has been carefully planned to make the learn-
ing process as easy as possible. Naturally, a certain amount 
of effort on your part is required if you are to obtain the 
maximum benefit from the book. However, if you follow the 
pointers just given, your efforts will be well rewarded, and 
you will find that your study of electricity and electronics 
will be a pleasant and interesting experience. 
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1 
The World of 

Electricity and 
Electronics 

You are about to become 
What You acquainted with the fas-

cinating world of electric-
Will Learn ity and electronics. You are 

going to learn what electric-

ity is, what it does, and how it does it. You will use this 
information to obtain a better understanding of what 
electrical and electronic devices are all about, how they 
work, and how to test and repair them. 

WHAT IS ELECTRICITY? 

Electricity is a combination of a force called voltage and 
the movement of invisible particles known as current. 

Voltage 

The force of voltage can be compared to the force of a 
water pump. The force of a pump moves water through a 
distribution system, generally an arrangement of pipes. 
Voltage is the force which causes electric current to flow 

through a system of wires. 

Ql. Voltage is a . 

Q2. The force in electricity is . 

Q3. The force of voltage is something like the force of a 

 • 
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Your Answers Should Be: 

Al. Voltage is a force. 

A2. The force in electricity is voltage. 

A3. The force of voltage is something like the force of 
a water pump. 

If your answers were not the same as those above, 
return to the preceding page and study the text again. 

Current 

Current, the movement of invisible particles, causes elec-
trical and electronic devices to operate. We cannot see cur-
rent, but we can determine its presence by the effects it 
produces. 

VOLTAGE 
SOURCE 

ELECTRIC 
MOTOR 

WHEN CURRENT FLOWS, 

SOMETHING HAPPENS 

Current flows through the wires of an electrical or elec-
tronic device in much the same way water flows through 
pipes. 

Voltage is the electrical force that causes current to flow. 
Current consists of invisible atomic particles called elec-

trons. 
There is an important difference between current in wires 

and water in pipes, however. Water can flow out of a broken 
pipe, but current cannot flow out of a broken wire. In fact, 
current will not flow anywhere in the broken wire. When 
the wire is broken, the force of the voltage is removed. 
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The Flow of Water and Current Are Not Exactly du? Saute 

WORKING SYSTEMS 

CIRCULATING 
PUMP N .7.  

N 's\ 

HOT WATER PUMPED 
TO RADIATOR 

RADIATOR 

6—VOLT 
BATTERY 

BROKEN SYSTEMS 

CIRCULATING   
PUMP 

CURRENT FORCED TO MOTOR 
BY BATTERY VOLTAGE 

413 

ELECTRIC 

MOTOR 

AND FAN 

WATER STILL FLOW 
AT INSTANT PIPE 

BREAKS 

1  
REMAINING WATER DRAWN FROM THIS SECTION OF SYSTEM —of 

6—VOLT 
BATTERY 

CURRENT STOPS FLOWING AT 
INSTANT OF BREAK IN WIRE 

Q4. Current is a movement of invisible particles called 

Q5. You cannot see , but you can detect its 
presence. 

Q6. When electric lights are operating, you know that 
  is flowing. 

Q7. When the wires of an electric toaster glow red, you 
know that is  

Q8. Current is to as water is to pipes. 

Q9. Wires provide a path for  in much the 
same way that pipes provide a path for water. 
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Your Answers Should Be: 

A4. Current is a movement of invisible particles called 
electrons. 

A5. You cannot see current, but you can detect its 
presence. 

A6. When electric lights are operating, you know that 
current is flowing. 

A7. When the wires of an electric toaster glow red, 
you know that current is flowing. 

A8. Current is to wires as water is to pipes. 

A9. Wires provide a path for current in much the same 
way that pipes provide a path for water. 

HOW ELECTRICAL/ELECTRONIC DEVICES WORK 

Every electrical and electronic device makes use of one 
or more properties of electrical current, such as heat and 
electromagnetism. 

Heat 

Wires can be heated until they are red or white-hot by 
causing current to flow through them. The amount of heat 

CURRENT FLOW HEATS WIRES 

I 
CURRENT 

te<  

1 
given off by a wire is determined by the type of metal in 
the wire and the quantity of current that is forced through 
it. A large current produces more heat in the same size 
and type of wire than a smaller current. If the current is 
the same, a smaller wire gives off more heat than one that 
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is larger in diameter. Also, some metals produce more heat 
than others as the result of current flow. 

In fact, manufacturers select the size and type of wire 
that will produce a desired amount of heat. To do this, they 
must know the amount of current that will flow through it. 

Electrical Appliances—Electrical appliances, such as toast-
ers, irons, heaters, and broilers, make use of the heat pro-
duced by current flowing through a wire. 

Devices Thai Use Heal Produced by Current Flow 

Through Wires 

MOST ELECTRIC IRONS HAVE CONTROLS 

THAT REGULATE THE AMOUNT OF HEAT 
DEVELOPED BY THE HEATING ELEMENT MIRE). 

SIZE AND TYPE OF WIRE FOR 

TOASTERS ARE SELECTED FOR 

MOST EFFICIENT TOASTING HEAT. 

Electric Lights—The filament wire in an electric light 
bulb is heated white-hot by the current flowing through it. 

CURRENT FLOW HEATS A LAMP FILAMENT WHITE HOT 

FILAMENT WIRE 
LIGHT BULB 

ye THE IT HITE-HOT FILAMENT GIVES OFF LIGHT 

Q10. Current flow wires. 

Q11. The heat caused by   is used 
to toast, iron, heat, and broil. 

Q12. Current flow   the filament of an electric 

light bulb white-hot. 

25 



Your Answers Should Be: 

A10. Current flow heats wires. 

All. The heat caused by current flow is used to toast, 
iron, heat, and broil. 

Al2. Current flow heats the filament of an electric light 
bulb white-hot. 

Electromagnetism 

When current flows through a coil of wire, the coil acts 
like a magnet. This can be proved by experimenting with 
an electromagnet like the one shown below. 

CURRENT FLOW PRODUCES MAGNETISM 
MAKE ONLY BRIEF 
CONTACT. OR DRY 
CELL WILL LOSE 
ITS ENERGY CURRENT 

lum 

1.5-VOLT 
DRY CELL 

SOURCE OF 
VOLTAGE 

PRESS AGAINST 
BOTTOM OF CELL 

10 FT OF #28 WIRE 

14 TURNS OF 
INSULATED 

WIRE WRAPPED 
AROUND 
THE NAIL 

IRON NAIL 

FILINGS 

Current flowing through a wire develops a magnetic field. 
This field is called an electromagnetic force because it is the 
result of the flow of electric current. If, as shown in the 
illustration, the magnetic field passes through certain kinds 
of metal, such as soft iron, the metal will become magnet-
ized and take on the properties of a magnet. 
The electromagnet retains its magnetic capability—con-

tinues to attract iron filings—as long as current flows 
through the coil. When the current stops, the metal grad-
ually loses its effectiveness as a magnet. 
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CURRENT-CMRYING W RES 
COILED AROUND METAL POLE 
PIECES D r_VELOP A MAGNETIC 

FIELD. 

Electric Motors—Electric motors make use of the mag-
netic forces created by current flow in a coil of wire. 

ELECTRIC MOTORS 

ARE TURNED BY 

MAGNETIC FORCES 

The magnetic forces in a motor attract and repel each 
other. This causes the armature (rotating part of the 

motor) to turn. 

CURRENT THROUGH COILS WRAPPED 
AROUND THE ARMATURE (ROTATING 
PART) ALSO PRODUCES A MAGNETIC 

FIELD. 

Mn Mc. Fields in a Motor Cause Rota! 

MAGNETIC FIELD FROM THE 
ARMATURE ENGAGES THE MAGNETIC 
FIELD BETWEEN THE POLE PIECES. 

THE PUSH AND PULL BETWEEN THE 
FIELDS CAUSE THE ARMATURE TO 
ROTATE ON ITS SHAFT. 

The magnetic forces in the motor are created by current 
flowing through the motor coils. 

Q13. A(an)   forms around a 
wire through which current is flowing. 

Q14.   forces are created by current flow-
ing in motor coils. 

Q15. The armature of an electric motor is turned by 
 forces created by flow-
ing through the motor coils. 
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Your Answers Should Be: 

A13. A magnetic field forms around a wire through 
which current is flowing. 

A14. Magnetic forces are created by current flowing in 
motor coils. 

A15. The armature of an electric motor is turned 
by magnetic forces created by current flowing 
through the motor coils. 

The Telegraph—The telegraph system also makes use of 
magnetic forces. Current flowing through a coil of wire 
creates magnetic forces to operate a buzzer, or other noise 
producers. The sounds from the buzzer represent the dots 
and dashes sent by the operator. 

A TELEGRAPH SYSTEM 

TELEGRAPH KEY 

1.5-VOLT 
BUZZER 

1.5-VOLT DRY CELL 

SPRING 

When the telegraph key is closed (pressed down), current 
flows from the battery through the coil of wire. The result-
ing magnetic force causes a movable metal plate to be at-
tracted to the soft-iron core of the coil, producing a buzzing 
sound. In this manner dots and dashes (short and long 
buzzes) are transmitted. 

The Speaker—The speaker in a radio, television, or tele-
phone earpiece is an example of another familiar device 
operated by magnetic forces created by current flowing in 
a coil of wire. 
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The speaker consists of a permanent magnet and a coil of 
wire cemented to a paper cone. Electrical currents which 
represent voice, music, or other sound flow through the coil. 

Magnetic forces created by these currents cause the coil 
and cone to be attracted and repelled by the permanent 
magnet. The movement of the paper cone creates corre-
sponding changes in air pressure heard as sounds. 

tPle4,etele 

VOICE lemme> 

OR 
MUSIC 
CURRENT1(mm* 

Later in this volume you will learn how sounds are con-

verted into currents that operate speakers. 

Q16.   in the telegraph are 
created by current flowing in a coil of wire. 

Q17. Closing the key allows   to — — — — 
through a coil of wire. 

Q18. The :magnetic force created by this   
---- operates a buzzer. 

Q19. Magnetic forces can be developed by current flow-
ing through a wire or a(an) 

Q20. When currents are passed through the coil of a 
speaker,   are created. 

Q21. Magnetic force causes the coil and cone to be 
  or by a permanent 
magnet, causing changes in air pressure. 
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Your Answers Should Be: 

A16. Magnetic forces in the telegraph are created by 
current flowing in a coil of wire. 

A17. Closing the key allows current to flow through a 
coil of wire. 

A18. The magnetic force created by this current flow 
operates a buzzer. 

A19. Magnetic forces can be developed by current flow-
ing through a wire or a coil. 

A20. When currents are passed through the coil of a 
speaker, magnetic forces are created. 

A21. Magnetic force causes the coil and cone to be 
attracted or repelled by a permanent magnet, 
causing changes in air pressure. 

WHAT YOU HAVE LEARNED SO FAR 

1. Electricity is a combination of a force called voltage 
and the movement of invisible particles called current. 

2. Voltage, as a force, is similar to the force developed by 
a water pump. Current flows through wires in much 
the same way that water travels through pipes. 

3. All electrical or electronic devices make use of one or 
more of the effects produced by current flow. 

4. Electrical current causes wires to heat. Toasters, irons, 
heaters, broilers, and lights are examples of devices 
which use this electrical effect. 

5. Current flowing through a wire or coil develops a mag-
netic field. Such magnetic forces are used in motors, 
the telegraph, and speakers. 

6. A magnetic (sometimes called electromagnetic) field 
can be used to move a metallic piece. Speakers and 
motors make use of two magnetic fields that either 
repel or attract each other. As a result, speaker cones 
vibrate to develop sound and motor armatures rotate. 

Current can cause other effects in addition to heating 
wires and producing magnetic forces. You will learn about 
these effects later. 
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HOW ELECTRICAL AND ELECTRONIC 
DEVICES ARE USED 

Jobs in which heat is necessary can be performed by 
using electric current to heat wires. Jobs calling for mechan-
ical motion can be performed by the forces developed by 
magnetic fields. Transmitting telegraph messages makes 
use of the magnetic forces in a buzzer coil. 
These simple jobs are accomplished by using simple de-

vices. However, even complex jobs, such as sending and 
receiving telephone or radio messages, sending and receiv-
ing television pictures, and completely controlling manufac-
turing processes, are also accomplished by using simple 
devices. 

DEVICES THAT PERFORM COMPLEX JOBS 

MICROPHONE TV PICTURE TUBE TV ANTENNA SPEAKER 

Many complex jobs are performed by combinations of 
simple devices. That is, two or more simple devices work 
together to perform a complex job. These devices fall into 
three categories: ( 1) input converters, (2) processing de-
vices, and (3) output converters. 

INPUT 
CONVERTER 

PROCESSING 
DEVICE 

OUTPUT 
CONVERTER 

Q22. Simple devices that can be combined to perform 
complex jobs are classified as  

 , and   
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Your Answer Should Be: 

A22. Simple devices that can be combined to perform 
complex jobs are classified as input converters, 
processing devices, and output converters. 

Input Converters 

The purpose of the input converter in any electrical or 
electronic process is to convert some form of energy, such 
as sound, light, heat, pressure, etc., into voltage and cur-
rent. These forms of energy can be processed by electrical 
or electronic devices after they are converted into voltage 
and current. 

Processing Devices 

A processing device changes the amount or form of cur-
rent and voltage to that required by the output converter. 
Among the many functions these devices perform are: ( 1) 
creating radio waves, (2) changing small voltages into 
larger ones, (3) carrying telephone messages and connect-
ing them to their intended destination, and (4) controlling 
furnaces, air conditioners, or industrial processes. 

Output Converters 

Very few end results are produced by voltages and cur-
rents alone. Therefore, devices are needed which convert 
voltage or current into some useful form, such as radio 
waves, sound, motion, heat, or pictures. These devices are 
called output converters. 

WHAT YOU HAVE LEARNED 

1. What electricity is. 

2. How electrical and electronic devices operate. 

3. How electrical and electronic devices are used. 

4. Even the most complex jobs are accomplished by using 
three kinds of devices—input converters, processors, 
and output converters. 

5. Any device which converts some form of energy into 
voltage and current performs the function of an input 
converter. 
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6. Processors change the input voltage and current into a 
form suitable for operating an output converter. 

7. Output converters convert voltage and current from a 
processing device into some useful form. 

Q23. The telephone mouthpiece is an input converter. 
It converts into voltage and current. 

Q24. A thermostat in a home heating system converts 
-- into mechanical motion to open and close 

a switch. 

Q25. The circuits of a radio receiver, which change 
electricity from radio waves (input) to the form 
of electricity required by the speaker (output), 
can be thought of as a(an)   

Q26. Electric lamps convert voltage and current into 

Q27. A speaker converts voltage and current into 

Q28. Electric toaster filaments ( wires) convert voltage 
and current into — — . 

Q29. Television picture tubes convert voltage and cur-

rent into   

Q30. Two results of current flowing through a wire are 
the development of ____ and   

Q31. The flow of current through a wire is caused by 
an electrical characteristic called   

Q32.  and are required to oper-
erate electrical and electronic devices. 
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Your Answers Should Be: 

A23. The telephone mouthpiece is an input converter. 
It converts sound into voltage and current. 

A24. A thermostat in a home heating system converts 
heat into mechanical motion to open and close a 
switch. 

A25. The circuits of a radio receiver, which change 
electricity from radio waves (input) to the form 
of electricity required by the speaker (output), 
can be thought of as a processing device. 

A26. Electric lamps convert voltage and current into 
light. 

A27. A speaker converts voltage and current into 
sound. 

A28. Electric toaster filaments (wires) convert voltage 
and current into heat. 

A29. Television picture tubes convert voltage and cur-
rent into pictures (or images). 

A30. Two results of current flowing through a wire 
are the development of heat and magnetic fields. 

A31. The flow of current through a wire is caused by 
an electrical characteristic called voltage. 

A32. Voltage and current are required to operate elec-
trical and electronic devices. 
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Basic Electrical 
Circuits 

You are now going to 

What You learn what electrical cir-
cuits are, what they con-

Will Learn sist of, and what each de-
vice in the circuit does. You 

will become more familiar with voltage and current and 
will learn the difference between direct current ( DC) and 
alternating current ( AC). You will become acquainted 
with electrical diagrams and construction of circuits. 

COMPLETE ELECTRICAL CIRCUITS 

If you look in a dictionary, you will find that circuit means 
to make a complete trip. In electricity, current makes a com-
plete trip through an electrical circuit. 

If the circuit is not complete, current does not flow. Cur-
rent flows only if the path through the circuit is complete. 
A broken wire, a loose connector, or a switch in the OFF 
position will prevent current from flowing. 
You have now learned two important facts regarding the 

flow of current. A voltage source causes current to flow, 
and a complete circuit allows current to flow. 

Ql. In electricity, a circuit provides a path for 
 to make a trip. 

Q2. Current flow is caused by a(an)   
  and permitted by a(an)   
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Your Answers Should Be: 

Al. In electricity, a circuit provides a path for current 
to make a complete trip. 

A2. Current flow is caused by a voltage source and per-
mitted by a complete circuit. 

HOW ELECTRICAL CIRCUITS ARE MADE 

All electrical circuits consist of the basic units shown in 
the illustration below. The device being operated, of course, 
may be any electrical or electronic device. In fact, many elec-
trical circuits contain more than one device to be operated. 

[3MSOC nECTMOCLU, concov 
COMPLETE 

¡CONNECTOR 

I-) 

THE SOURCE 
OF VOLTAGE 
AND CURRENT 

-- WIRES CARRY 
THE CURRENT 

DEVICEHE  

BEI NG OPERATED 

CONNECTOR 

1+) 

CONNECTORS 
CONNECT 
DEVI CES 
TO WIRES 

CONNECTOR 

CONNECTOR 

Now that you are familiar with the basic units of an elec-
trical circuit, you are ready to learn more about each part. 
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Voltage Source 
A battery is an example of a voltage source. As you recall, 

a voltage source is also a source of current. 
The electrical wall socket (or outlet) is another widely 

used source of voltage and current. The outlet is part of 
another circuit that has a generator as a voltage source. 
There may be many miles of wire between the generator 

and the outlet. 

Familiar Sources of 

Voltage and Current 

FLASHLIGHT CELL 

WALL OUTLET 

The battery shown in the illustration is more properly 
called a cell. A cell was originally considered to be a storage 
device. Cells, such as those used in a flashlight, develop 1.5 
volts each. A battery, such as the 6- or 12-volt source in an 
automobile, is constructed of two or more cells. However, 
through long usage, a cell is often called a battery. 

Q3. List the four basic units of an electrical circuit. 

Q4. A lamp will light only when it is part of a(an) 

Q5. A(an)   joins wires to a voltage 
source or operating device to make a complete cur-
rent path. 

Q6. A(an)  , such as a battery, 
is also a source of current. 

Q7. Voltage sources of the type used in a flashlight are 
more properly called  

Q8. A single flashlight cell is a source of  volts. 

Q9. If a 6-volt battery has four 1.5-volt cells, a 12-volt 
battery will have  1.5-volt cells. 
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Your Answers Should Be: 

A3. The four basic units of an electrical circuit are: 
1. Voltage source. 
2. Device being operated. 
3. Wires. 
4. Connectors (terminals). 

A4. A lamp will light only when it is part of a complete 
circuit. 

A5. A connector joins wires to a voltage source or oper-
ating device to make a complete current path. 

A6. A voltage source, such as a battery, is also a source 
of current. 

A7. Voltage sources of the type used in a flashlight are 
more properly called cells. 

A8. A single flashlight cell is a source of 1.5 volts. 

A9. If a 6-volt battery has four 1.5-volt cells, a 12-volt 

battery will have eight 1.5-volt cells. (If a 12-
volt battery provides twice as much voltage as a 
6-volt battery then it must have twice as many 
cells.) 

Voltage Source Connections--All sources of voltage (and 
current) have at least two connections. 
The source of voltage and current in an electrical circuit 

is similar to a pump in a water system. The pump provides 

I NTAKE 

FLASHLIGHT 
CELL 

Electricity Is Like Water in Many Ways 
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both the pressure and the water to cause a flow through the 
water system. A voltage source provides electrical pressure 
(voltage) and current (electrical equivalent of water) to 
cause a flow through an electrical circuit. 
Like the water pump, the source of voltage and current 

requires an input connection and an output connection. 

SAFETY NOTE: Caution must always be observed 
when working near voltage sources or circuits. If you 
come in contact with both connections of the source, 
your body becomes a circuit, and current will flow 
through you. This can cause painful burns and even 
death. If you touch only one side of the source or a 
single wire leading to it, be sure you do not touch a 
pipe or other metal surface in contact with the ground. 
This precaution is necessary because many voltage 
sources have one connection wired to ground. 

Conductors and Insulators 

Wires provide a path for electric current just as pipes 
provide a path for water. Metals such as copper and alumi-
num are most commonly used in the manufacture of elec-
trical wire. Their atomic structures make these metals good 
conductors of current. Silver is the best conductor but is 
much more expensive than other metals. Other more eco-
nomical metals, such as copper and aluminum, are good 
conductors and are quite easily formed into wire. When 
connected into a circuit, wire is most often referred to as 
a conductor. 
Most nonmetals are very poor conductors of electric cur-

rent. These materials are called insulators. Rubber and 
plastic are two commonly used materials for insulators 
because they are flexible, easily molded, and can be readily 
cut when necessary. Because of their better insulating 
qualities, glass and ceramic material are used where high-
voltage insulators are required. 

Q10. How many connections must be made to a voltage 
source? 

Q11. Materials which provide an easy path for current 
are called  . Those which do not 
provide an easy path are called  . 
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Your Answers Should Be: 

A10. At least two connections must be made to a volt-
age source. 

All. Materials which provide an easy path for current 
are called conductors. Those which do not provide 
an easy path are called insulators. 

Working With Wire 

Practically all wire used in electrical and electronic work 
consists of a conducting metal (usually circular in cross 
section) covered with insulation. The insulation prevents 
undesired connections to and between conductors. 
Exceptions include wire used for heating purposes. In 

these cases, the heating element (wire) is wrapped or 
formed on an insulating material or supported in air (a 
nonconductor) between insulators. 

If a bare wire comes in contact with another conductor 
or other metal in an electrical unit, a short circuit develops. 
Current will flow through the short instead of the complete 
circuit containing the operating device. For this reason, 
wire should be handled with sufficient care to insure that 
its insulation is not damaged. 
Wire Stripping—In order to join a wire to a connector, a 

length of insulation must be removed from the wire. A 
metal-to-metal connection is required to permit current flow. 
The process of removing the insulation is called wire 

stripping. Both wire cutting and stripping are usually done 
with a type of pliers called diagonal cutters. The correct 
procedure is shown on the next page. 
Precautions—When stripping wire, do not be discouraged 

if at first you cut the end of the wire while stripping it. 
Success will come with practice. 
Do not squeeze the plier handles too tightly when attempt-

ing to remove the insulation from the wire. Just break the 
surface of the insulation with the cutting head. The cut 
need not go through to the wire. A steady pull should then 
part or tear the remaining insulation. Placing the index 
finger between the handles prevents the cutters from closing 
completely and nicking or cutting the wire. 
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CUTTING AND STRIPPING WIRE 

NARROW 
HEAD 

/) 

5" 

( 

THE 
DIAGONAL GLITTER 

Lio cu- w IREd 
Place the wire between the jaws 
of the cutter and squeeze the 
handles together 

TO OPEN JAWS OF THE CUTTER: 

Spread the handles using the index finger. 

EMPTY 
INSULATOR 

BARE 
CONDUCTOR 

TO STRIP WIRE: 

1. Place the wire between the jaws 
(near the pivot). 

2. Squeeze the handles just enough 
to cut the insulation. 

3. Pull the long end of the wire away from 
the cutter. (Firmly grip the insulation 
with the jaws of the cutter). 

Q12. Nearly all metals will conduct   

Q13. Copper or aluminum are used in electric wires 

because they are good  

Q14. Materials that are nonconductors of current are 
called   

Q15. Insulation is used on wires to (make, prevent) 
contact with other conductors of current. 

Q16. Undesired contact between two conductors is called 
a(an)   

Q17.   is the process of remov-
ing insulation from a wire. It can be accomplished 
by pliers known as   
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Your Answers Should Be: 

Al2. Nearly all metals will conduct current. 

A13. Copper or aluminum are used in electric wires 
because they are good conductors. 

A14. Materials that are nonconductors of current are 
called insulators. 

A15. Insulation is used on wires to prevent contact 
with other conductors of current. 

A16. Undesired contact between two conductors is 
called a short circuit. 

A17. Wire stripping is the process of removing insula-
lation from a wire. It can be accomplished by 
pliers known as diagonal cutters. 

Devices 

Current from a voltage source operates devices such as 
electric light bulbs, heaters, and motors. Radio and televi-
sion receivers are also operated by current from voltage 
sources. These devices process voltage and current con-
tained in received radio waves by changing the input energy 
into sound and pictures. The voltage sources make it pos-
sible for these devices to perform this process. 
Connections—As stated earlier, all electrical devices must 

have two or more connections to a circuit. These connections 
are used to join conductors to the device, thus completing 
the circuit and permitting current to flow into and out of 
the device. 
Operation—The voltage source operates the device by 

forcing current through the circuit. All connections must 
be made in the circuit, including those at the device and the 
source. Current will then be able to flow through the device 
and cause it to operate. 

Connectors 

The terms connectors and terminals are often used inter-
changeably. A connector, however, is normally thought of 
as being a mechanical part, such as a battery clamp, used 
to connect a conductor to a device. A terminal, on the other 
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hand, is a point on a device where a connection can be 
made—a screw or other contact point. 
The illustration below shows how connections are made to 

a voltage source and an operating device. The lamp will 
light with the bare conductors merely touching the lamp 
terminals. In practice, however, the lamp is placed in a 
socket and the wires connected to the socket terminals. 

CONNECTION AND OPERATION 
OF AN 

ELECTRICAL DEVICE 

THE INSULATOR 
PREVENTS CURRENT 
FLOW BETWEEN THE 
BASE AND LAMP TIP 

WIRE 

LIGHT 

CURRENT 

CONDUCTORS / 
IN CONTACT WITH 
THE METAL BASE 

AND TIP 

FILAMENT 

BASE 

INSULATOR' 

TIP OF LAMP 

Wires, connectors, and terminals allow current to flow in 
a circuit because they are made of conducting metals. Care 
must be taken, however, when joining these parts to each 
other. Metal at the contact points must be clean and free 
from the insulating properties of dirt, grease, etc. Sand-
paper or a small file can be used to clean these junction 
points when necessary. After a wire has been stripped, it 
should be cleaned of any remaining insulation. 
When connecting a wire to a terminal, make sure the 

screw or clamp makes a tight connection. For current to 
flow, all parts of the circuit must be connected. 

Q18. To permit current to flow into and out of a device, 
the device must have at least --._ connections. 

Q19. That part of a device where a connection can be 
made is called a   
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Your Answers Should Be: 

A18. To permit current to flow into and out of a device, 
the device must have at least two connections. 

A19. That part of a device where a connection can be 
made is called a terminal. 

A PRACTICAL CIRCUIT 

The circuit shown below demonstrates the way in which 
all basic circuits are connected. It contains a voltage source, 
wires, connectors (or terminals), and an operating device. 
The voltage source pictured is a large 1.5-volt dry cell used 
in some doorbell systems. This is a practical circuit because 
it will actually work and is often used. 

\\ , 

END OF WIRE 

STRIPPED 

1.5-VOLT 

DRY CELL 

14 

1.5-VOLT LAMP 
(SCREW BASE) 

BELL 
WIRE 



Open Circuits 

If all the connections are made as shown in the illustra-
tion, the lamp will light. If any of the connections are not 
properly made, the lamp will not light—a condition known 
as an open circuit. An open circuit represents a condition 
that prevents the flow of current. In other words, the circuit 
is not complete. 

Closed Circuits 

A closed circuit has all of its connections made and forms 
a complete path through which current can flow. 

SWITCHES 

Since it is often desirable to open and close a circuit, 
nearly all circuits contain some form of switch. 

Knife Switch 

The simplest type of switch is called a knife switch. It 
was given this name because it has an element resembling 
the blade of a knife. 

A KNIFE SWITCH 

INSULATOR 

SCREW-DOWN 
CONNECTOR FOR - 
A CONDUCTOR 

CONDUCTOR 

SCREW-DOWN 
CONNECTOR FOR 
A CONDUCTOR 

INSULATOR 

Q20. The lamp in the illustration on the opposite page 
lights because it is a(an) (open, closed) circuit. 

Q21. Disconnecting one of the wires will develop a(an) 
(open, closed) circuit. 

Q22. To permit opening and closing a circuit, a(an) 
 can be connected into it. 

Q23. A (an)   is the basic type of 
switch. 
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Your Answers Should Be: 

A20. The lamp lights because it is in a closed circuit. 

A21. Disconnecting one of the wires will develop an 
open circuit. 

A22. To permit opening and closing a circuit, a switch 
can be connected into it. 

A23. A knife switch is the basic type of switch. 

The basic circuit just explained can be reconnected to 
include a knife switch. The illustration below shows how 
the connections are made. Be sure you understand what 
happens to the flow of current when the switch is open 
(position shown) and when it is closed. 

A PRACTICAL CIRCUIT WITH SWITCH 

There are many other types of switches, some of which 
you have used. For example, there are switches on the 
walls of your home, on the front of your appliances, and on 
the dashboard of your car. Nearly all operate on the knife-
switch principle. In the closed position, a metal blade makes 
an electrical contact between at least two conductors. 
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WHAT YOU HAVE LEARNED ABOUT 
COMPLETE CIRCUITS 

1. An electrical circuit provides a complete path for cur-
rent flow. 

2. Every electrical circuit consists of : ( 1) a source of volt-
age which causes current to flow ; ( 2) conductors which 
provide a path for the current; (3) electrical devices 
which are operated by the current; (4) connectors (ter-
minals) to join conductors to a source or a device. 

3. Voltage sources and electrical devices always have at 
least two connections. All connections must be made in 
order for current to flow through them. 

4. Most metals can conduct current and are called con-
ductors. Most nonmetals provide a very poor path for 
current and are called insulators. 

5. A wire consists of a conductor ( usually copper) covered 
by insulation ( usually rubber or plastic). Insulation 
may be stripped from the wire with diagonal cutters. 

6. An open circuit is a condition in which the current path 
is interrupted. A closed circuit is the same as a com-
plete circuit. A short circuit occurs when a conductor 
makes an undesirable contact with another conductor or 
metal part. 

7. Switches are designed to open and close circuits. By 
operating the switch, a device may be turned on or off. 

Review Questions (Mark them true or false.) 

Q24. A voltage source causes current to flow if a com-
plete circuit is provided. 

Q25. Current will flow if there is a complete electrical 
path from the voltage source to the device, through 
the device, and back to the voltage source. 

Q26. If otherwise complete, current will not flow in a 
circuit if its switch is closed. 

Q27. When a wall switch is flipped to the ON position, 
the switch is open, permitting the lamp to light. 

Q28. If the insulation on a wire is broken or damaged, 
it may cause a short circuit. 
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Your Answers Should Be: 

A24. A voltage source causes current to flow if a com-
plete circuit is provided. True. 

A25. Current will flow if there is a complete electrical 
path from the voltage source to the device, 

through the device, and back to the voltage source. 
True. 

A26. If otherwise complete, current will not flow in a 
circuit if its switch is closed. False. 

A27. When a wall switch is flipped to the ON position, 
the switch is open, permitting the lamp to light. 
False. 

A28. If the insulation on a wire is broken or damaged, 
it may cause a short circuit. True. 

VOLTAGE AND CURRENT 

In this section you will become acquainted with voltage 
and current measurement units. You will also become 
familiar with the commonly used values of these units. 

Voltage 

Voltage is measured in terms of a unit called a volt. A 
measurement unit indicates quantity or amount, as in gal-
lons of water or pounds of sugar. As a similar unit, volts 
expresses a quantity contained in a voltage source. Although 
voltage is not visible like water and sugar, the number of 
volts expresses the amount of electrical pressure available 
from the source. As you remember, it is this pressure that 
causes current to flow. The greater the pressure (number 
of volts), the greater the current will be. 

Current 

Current is measured in terms of a unit called an ampere. 
The number of amperes defines the amount of current that 
is flowing in a circuit. A flashlight lamp (bulb), for exam-
ple, draws 0.25 ampere (abbreviated as amp) from the 
voltage source. 

A 100-watt lamp draws approximately 1 amp from the 
115-volt home electrical system. Ten amps flow through 
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some electric irons, toasters, and heaters. A car battery 
supplies 100 amps or more to a starter motor. 

Large and Small Values 
Values of voltage and current can be very large or very 

small. Since it is awkward to talk and write about 500,000 
volts or 0.003 amp, units which are more easily handled have 
been developed. With this system the quantities mentioned 
become 500 kilovolts and 3 milliamps, respectively. A kilo-
volt represents 1,000 volts and a milliamp, 0.001 amp. 
The following table will help you convert from one unit 

to another. 

CONVERSION TABLE 

W HEN You 
SEE 

Do THIS 
TO CONVERT 

EXAMPLE 

Mega or M 

Kilo or K 

Milli or m 

Micro or p. 

Nano or n 

Pico or p 

Multiply by 1,000,000 

Multiply by 1,000 

Divide by 1,000 

Divide by 1,000,000 

Divide by 1,000,000,000 

Divide by 1,000,000,000,000 

2 Megavolts is 2,000,000 
volts 

5 Kiloamps is 5,000 
amps 

7 Millivolts is 0.007 
volt 

9 µamps is 0.000009 
amp 

5 nano volts is 
0.000000005 volt 

4 pico-amps is 
0.000000000004 amp 

Q29. Voltage is measured by a unit called a (an) — — . 

Q30. The number of volts indicates the quantity of 
  contained in a 

voltage source. 

Q31. An ampere is a unit that indicates the quantity 

of  
Q32. Assuming that the voltage source can provide the 

current, what determines the number of amps that 

will flow in a circuit? 

Q33. 3 kilovolts is (larger, smaller) than 100 millivolts. 

Q34. How much of an amp is 15 microamps? 

Q35. Convert 16 megavolts to volts. 
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Your Answers Should Be: 

A29. Voltage is measured by a unit called a volt. 

A30. The number of volts indicates the quantity of 
electrical pressure contained in a voltage source. 

A31. An ampere is a unit that indicates the quantity 
of current. 

A32. The operating device determines the number of 
amps that will flow in a circuit, assuming the 
voltage source can provide it. 

A33. 3 kilovolts is larger than 100 millivolts. 

A34. 15 microamps is 0.000015 amp. 

A35. 16 megavolts is equivalent to 16,000,000 volts. 

DIRECT CURRENT 

A current that always flows in the same direction is called 
a direct current. Dry cells and batteries are sources of 
direct current. Some types of electric generators also supply 
direct current. Later you will learn about a power sup-
ply which provides direct current for use within radio and 
TV receivers. 

Is There a Direct Voltage? 

Yes. A voltage which provides direct current is considered 
to be a direct voltage. Since direct current is abbreviated 
DC, the abbreviation is used to identify direct voltage as DC 
voltage. Direct current is often shortened to DC current, or 
merely DC. 

Direction of Current Flow 

Marking the terminals of a voltage source with plus (-I-) 
and minus (—) signs indicates the direction in which cur-
rent flows in a circuit. There are two systems describing 
the direction of current flow—conventional and electron. 
The conventional current theory was the first to be devel-

oped. Benjamin Franklin is considered to be its originator, 
and it is still being used in many electrical engineering 
texts. Conventional current is said to flow from the posi-
tive (-1-) voltage terminal, through the circuit, and to return 
to the negative (—) voltage terminal. 
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The electron current theory, of more recent origin, per-
mits a clearer explanation of how current flows through 
electronic circuits. For this reason, the electron current 
direction of flow will be used in this text. This theory states 
that current leaves the negative (—) terminal, flows through 
the circuit, and returns to the positive (±) terminal of the 

voltage source. 
If you learn the rules of electron flow, conventional flow 

should not be confusing. You will find it easy to mentally 

reverse directions. 
Current flow does all the work involved in the operation 

of any electrical or electronic device, whether it is a simple 
lamp or a complicated electronic computer. In any applica-
tion a continuous path must be provided between the two 
terminals of a voltage source before current can flow. 

The Direction of DC Electron Current Flow 

Q36. The connecting posts on the cell in the illustration 
are marked (±) and (—). The (±) post is the 
 terminal. 

Q37. Inside the cell, electron current flows from the 
 terminal to the . 
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Your Answers Should Be: 

A36. The (+) post is the positive terminal. 

A37. Inside the cell, electron current flows from the 
positive terminal to the negative terminal. (Al-
though the text did not provide this information, 
the illustration reveals the proper direction. Cur-
rent must flow in this direction inside the battery 
if it is to move from negative to positive through 
the circuit.) 

ALTERNATING CURRENT 

A current that reverses its direction of flow at regular 
intervals is called alternating current ( AC). You might ask, 
"Why should we have a current that is constantly changing 
its direction ?" The answer is fairly simple. AC has certain 
features that make it desirable. The two main reasons are: 

Reason 1. Wall outlets in your home supply an AC volt-
age. This voltage is produced by generators located 
many miles away. During the earliest days of electric-
ity, DC was supplied to homes. However, DC can be 
sent through lines for only short distances. 
AC can be easily changed to a higher or lower value. 

This characteristic makes possible its economical trans-
mission over long distances—hundreds of miles in some 
cases. As a result, AC generating plants can be located 
at remote sources of water power and still be able to 
supply customers miles away. A good example of this 
application is the generating equipment at Hoover Dam 
in Arizona supplying power to cities on the West Coast, 
hundreds of miles distant. 

Reason 2. The preceding chapter described input con-
verters which convert other forms of energy into volt-
age and current. Many of these forms, such as sound 
and radio waves, occur in alternating cycles. Sound 
waves, for instance, are alternating areas of maximum 
and minimum air pressure. When converted into elec-
tricity, as in the telephone, the resulting current is also 
alternating, thus the sound is faithfully transmitted. 
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WHAT YOU HAVE LEARNED 

1. The measurement unit of electrical pressure is the volt. 
It defines the amount of electrical pressure available in 
a voltage source. 

2. The measurement unit for current is the ampere, abbre-
viated amp. Assuming that a sufficient amount of cur-
rent can be supplied by the voltage source, the number 
of amperes that flow in a circuit is determined by the 
needs of the operating device. Operating devices are 
designed for a specified number of volts, and are so 
constructed as to draw the required number of amps 
when operated at that voltage. 

3. Volt and ampere quantities are often expressed in very 
large and very small numbers. To ease the task of writ-
ing or speaking of very large or very small numbers, 
prefixes, such as mega-, kilo-, and micro-, have 
been added to the basic units of volts and amperes. 

4. A current that always flows in the same direction is 
direct current. Its abbreviation is DC, which can be 
used to specify DC current or DC voltage. 

5. Current flows from the negative terminal of a voltage 
source, through the circuit, and returns to the positive 
terminal. Inside the voltage source, current flows from 
the positive to the negative terminal. This is in accord-
ance with the electron current theory. 

6. A current that reverses its direction of flow at regular 
intervals is called alternating current (AC). AC volt-
age and current can be transmitted over long distances, 
but DC cannot. AC is also the only means of con-
verting certain types of energy into useful electrical 
representations. 

Q38. A volt is a measurement of  , and an 
ampere is a measurement of  

Q39. According to the electron current theory, cur-
rent flows from the   voltage ter-
minal, through the circuit and returns to the 
 terminal. 
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Your Answers Should Be: 

A38. A volt is a measurement of voltage, and an 
ampere is a measurement of current. 

A39. According to the electron current theory, current 
flows from the negative (—) voltage terminal, 
through the circuit, and returns to the positive 
(+) terminal. 
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3 
How To Use Meters 

Since volts and amperes 

What You are units of measure-
ment, some device must 

Will Learn be used to measure them. 
Devices used for this pur-

pose are called meters. You are now going to learn 
about the different types of meters and how to use them 
to measure voltage and current. The precautions to take 
when handling these instruments are also discussed. 

HOW DO METERS WORK? 

Meters, like motors, convert electrical energy (current) 
into mechanical motion. In a motor, current-generated mag-
netic fields cause the armature to rotate. In a meter, similar 
magnetic fields cause a pointer to move across a scale. The 
position of the pointer (sometimes called a needle or indi-
cator) when it comes to rest on the scale indicates the 

amount of current flowing through the meter. 
Most homes and cars have meters similar in principle to 

those that will be discussed. An electrical meter measures 
consumption of house current. The gasoline, temperature, 
and other automobile gauges are all basically meters meas-
uring current flow. The quantities being measured are 

converted into current. 

Ql. Voltage and current are measured by   

Q2. The reading of a meter is taken where a pointer 

comes to rest on a  

Q3-  in the meter moves the pointer. 
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Your Answers Should Be: 

Al. Voltage and current are measured by meters. 

A2. The reading of a meter is taken where a pointer 
comes to rest on a scale. 

A3. Current in the meter moves the pointer. 

READING METERS 

The illustration below shows how a meter is connected 
to a circuit to measure the amount of current flowing. 

MEASURING THE CURRENT DRAWN BY A LAMP 

MI 
ALL CURRENT IN THE 
CIRCUIT FLOWS 
THROUGH THE METER 

FLASHLIGHT 
BULB 

CURRENT-
MEASURING 
METER 

Meters are read by noting to which number (or division 
mark between numbers) on the scale the needle is pointing. 
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If the needle points to a division mark between two num-
bers, the decimal value of the division is added to the lower 
number. 

Q4. What is the reading for scale 1? 

Q5. What is the value read on scale 2? 

Q6. How many amps according to scale 3? 

Q7. What does scale 4 read? 
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Your Answers Should Be: 

A4. The reading for scale 1 is 1 amp. 

A5. The value read on scale 2 is 1.5 amps. (Note the 
pointer is halfway between 1 and 2 on the scale.) 

A6. There are 1.8 amps registered on scale 3. (There 
are ten equal division marks between numbers 1 
and 2. The pointer rests on the eighth division, 
indicating a current of 1.8 amperes. Counting of 
the divisions is shown in the illustration below.) 

The J aloe of ate Ten Divisions Between 1 and 2 

on the Meter Scale 

2 

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 

1 1 1 1 1 1 1 1 1  

A7. Scale 4 reads 1.75 amps. (This scale has four divi-
sions between the numbers. Thus, each division 
has a value of 1/4 or 0.25 amp as shown in the fol-
lowing illustration. Since the pointer is on the 
third division between 1 and 2, its reading is 1.75 
amps.) 

The Value of the Four Divisions Between 1 and 2 

on the Meter Scale 

1.5 1.75 

VOLTMETERS 

Voltmeters are used to measure voltage. When the volt-
meter is connected across the terminals of a voltage source, 
a current proportional to the source voltage flows through 
the meter mechanism. The meter scale is calibrated (drawn) 
to give a reading in volts. The procedure for reading a volt-
meter scale is similar to the current scales you have just 
read. 
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Precautions 

There are two basic types of voltmeters—one for measur-
ing DC voltage and the other for AC voltage. Be sure to 
use the correct one for the type of voltage to be measured. 
When a DC voltmeter is applied to an AC source, an incor-
rect measurement will occur. But when an AC meter is used 
to measure DC voltage, the meter may be damaged. 

Reading a Voltmeter 

As shown in the following illustration, a voltmeter scale 
is similar to a current-measuring scale. A value between 
numbers is read in the same manner as a current reading. 

Voltage Ranges 

Voltmeters are designed to read to certain maximum 
values. From zero to a maximum voltage is called the range 
of a voltmeter. Some commonly used ranges are 0-10 volts, 
0-50 volts, 0-250 volts, and 0-1,000 volts. 
Always be sure that any voltage to be measured is within 

the range of the voltmeter you are using. A meter will be 
damaged if used to measure a voltage greater than the 
maximum value for which it is designed. Excess voltage 
will cause excess current to flow. As a result, the pointer 
may be bent in trying to move beyond the end of the scale, 
or meter circuits may overheat and damage delicate parts. 

Q8. What type of meter is used to measure DC voltage? 

Q9. How many volts are indicated in the above illustra-
tion? 

Q10. What may happen if a voltmeter is used to measure 
voltages beyond its range? 
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Your Answers Should Be: 

A8. A DC voltmeter is used to measure DC voltage. 

A9. The illustration indicates a reading of 34 volts DC. 

A10. A meter may be damaged if used to measure volt-
ages beyond its range. Either the pointer will be 
bent and/or delicate parts within the meter will 
be ruined. 

AMMETERS 

A current-reading meter is called an ammeter. It can only 
be used to measure amperes. 

Current Ranges 

Commonly used current ranges for work on electrical 
appliances are 0-10 amps and 0-30 amps. When working 
with electronic devices, ranges such as 0-500 microamps, 
0-10 milliamps, and 0-250 milliamps may be required. 

Precautions 

Ammeter precautions are the same as for voltmeters. 

1. Never use DC meters for AC, or AC meters for DC. 

2. Do not measure a current value that is beyond the 
range of the meter. 

The first rule can be observed if you know the type of 
voltage source supplying the current. For example, you 
know that batteries supply DC current (and voltage), and 
most wall outlets supply AC current (and voltage). 
The second rule can be followed as you gain experience. 

If your meter has a selection of ranges, always use the 
highest range first. Then switch to the appropriate range to 
obtain the most accurate reading. Quickly remove the meter 
leads if the pointer swings beyond the limits of the scale. 
A third rule must be added to the above. Never use an 

ammeter to measure voltage nor a voltmeter to measure 
current. Each meter is designed to measure only certain 
electrical values. If either type of meter is used for measur-
ing other values, it will be damaged. 
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MULTIMETERS 

A multimeter is a combination voltmeter and ammeter. It 
can be used to measure either AC or DC voltages and cur-
rents. A multimeter is also called a volt-ohm-milliameter 
(VOM) or a circuit analyzer. 

Reading Multimeters 
A multimeter face has a combination of scales that may 

include several ranges of voltage and current readings. A 
typical multimeter scale having three ranges is shown below. 

\ 50 
0 D 
0 2 
0 

100 150 
20 30 
4 6 

By proper front-panel settings, a multimeter can be used 
to measure AC and DC current and voltage. 

Q11. To measure current, use a(an)   • 

Q12. State three precautions that must be observed 
when using ammeters or voltmeters. 

Q13. Shown here is a portion of the scale illustrated 
above. What is the reading on the 0-10 range? 

50 

Zoo 2 

100 150 
20 30 
4 6 

200 
40 250 
8 SO 

10 

Q14. What is the reading on the 0-250 range? 
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Your Answers Should Be: 

All. To measure current, use an ammeter. 

Al2. Brief statements of the three meter precautions 
are: 

1. Never use DC meters for AC, or AC meters for 
DC. 

2. Do not measure a value beyond the range of the 
meter. 

3. Do not use a voltmeter to measure current or an 
ammeter to measure voltage. 

A13. The reading is 7.4 on the 0-10 range. 

A14. The reading is 185 on the 0-250 range. 

Multimeter Characteristics 

Several experiments are described in this volume. Most of 
them require the use of a multimeter. You need not work 
these experiments unless you wish to do so since the text 
describes the results of each one. However, you can obtain 
a better understanding of principles and a great deal of 
experience working with electrical parts and tools by per-
forming the experiments. 
Although you may not desire to purchase a multimeter 

until a later date, you should have some knowledge of what 
to look for. A good multimeter can be purchased in most 
electronic parts stores for under $25.00. Or it can be ordered 
from one of the catalogs of the many mail order compan:es. 
A multimeter from which you can obtain suitable accuracy 

and which has useful ranges should have the following char-
acteristics. Each characteristic is explained in detail in 
Volume 4. 

Sensitivity: 5,000 to 10,000 ohms/volt on AC and 20,000 
ohms/volt on DC. 

Voltage Ranges: 0-10; 0-50, 0-250, and 0-500. 

Current Ranges: 0-500 microamps, 0-10 milliamps, and 
0-250 milliamps. 

Current and Voltage: Both AC and DC. 

Resistance Ranges: 0-10K, 0-100K, and 0-1 Meg. 
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A typical multimeter is shown below. Study the drawing 
to become familiar with the location and names of the 
various parts, controls, and scales. The next few pages 
describe each in detail. 

A TYPICAL MIIITIMÈTER 

PROBES 

METER 
'\ SCALES 

AC- DC 
SELECTOR 
SWITCH 

ZERO-OHM 
ADJUSTMENT 

FUNCTION 
(VOLTS,AMPS, 
OHMS) SELECTOR 
SW ITCH 

The front panels of some multimeters do not look like this 
one. Each, however, has a similar means of accomplishing 
the same measuring tasks. 

Q15. A good multimeter can generally be purchased for 
less than  

Q16. A multimeter having an AC sensitivity of 10,000 
ohms/volt will have (greater, lesser) accuracy 
than one of 1,000 ohms/volt. 

Q17. If the AC-DC Selector Switch in the above illus-
tration were set on DC, you would read the posi-
tion of the pointer on the ( top, middle, bottom) 
scale. 

Q18. What is the meaning of the "10V" marking on the 
Function Selector Switch? Make a guess. 

Q19. To serve their purpose, should the tip ends of the 
two probes be bare metal or insulated? 
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Your Answers Should Be: 

A15. A good multimeter can be purchased for less than 
$25.00. 

A16. A multimeter having an AC sensitivity of 10,000 
ohms/volt will have greater accuracy than one of 
1,000 ohms/volt. 

A17. You would read the position of the pointer on the 
middle scale. 

A18. It indicates a setting at which a voltage between 
0 and 10 volts may be read. 

A19. The tip ends of the two probes must be bare metal. 

VOLTAGE MEASUREMENTS 

The term "multimeter" means literally "many meter." It 
is, in fact, a many-metered instrument performing many 
measuring functions. The typical multimeter shown on the 
preceding page measures AC volts, AC amps, DC volts, DC 
amps, and ohms (to be discussed shortly). 
Learning to use a multimeter well requires you to think 

only of the particular function for which you are using the 
instrument. If you are measuring DC voltage, think DC 
voltmeter. If the next measurement is AC amperes, change 
your thinking to an AC ammeter. By concentrating in this 
manner, you are more certain to make the proper settings 
and observe the appropriate measuring precautions. For 
this reason, the multimeter will be discussed in terms of 
its separate measuring functions. 

Voltmeter Connections 

Terminals — The voltmeter, 
like other electrical devices, 
has two terminals. Both termi-
nals are connected into a cir-
cuit when using the instru-
ment. The terminals are some-

TERMINAIS times colored red (±) and 

black (—) to identify the positive (±) and negative (—) 
connections. 
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Test Leads—A voltmeter requires a pair of test leads to 
connect the meter to the circuit being tested. Test leads 
are lengths of flexible insulated wire. One end has a means 
of joining the lead to the voltmeter terminal. The other end 
has a metal probe encased in an insulated handle. 

METAL INSULATED 
TIP HANDLE WIRE 

PROBES 

METER TEST LEADS 
CONNECTED TO THE 
METER TERMINALS 

11 VOLTMETER 

Connections—When measuring voltage, the probes are 
touched to the terminals of the voltage source or device. A 
voltage measurement is always taken across the terminals, 
and is never made between a terminal and an open wire. 

VOLTMETER CONNECTIONS 

PROBES MUST TOUCH TERMINALS 
OR BARE CONDUCTORS 

Q20. List the five electrical quantities that a typical 
multimeter will measure. 

Q21. How is AC and DC current different? 

Q22. When measuring battery voltage, how should you 
think of a multimeter? 

Q23. How are the positive and negative terminals of 
some voltmeters identified? 

Q24. What part of a test lead is placed in contact with 
the circuit being tested? 

Q25. A voltage is always measured   the ter-
minals of a source or a device. 
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Your Answers Should Be: 

A20. AC volts, AC amps, DC volts, DC amps, ohms. 

A21. AC current changes its direction of flow periodi-
cally; DC current flows in only one direction. 

A22. When measuring battery voltage, think of the 
multimeter as a DC voltmeter. (You will be more 
certain to safely make the correct measurement.) 

A23. The positive and negative terminals of some volt-
meters are colored red and black to indicate posi-
tive (+) and negative (—) connections. 

A24. The probe end of a test lead is placed in contact 
with the circuit being tested. 

A25. A voltage is always measured across the termi-
nals of a source or a device. 

DC Voltmeter Connections 

As you recall from the preceding chapter, a DC voltage 
source has both a negative and a positive terminal. The 
distinction between negative and positive voltage is identi-
fied by the term, "polarity." The polarity of a DC voltage 
source (a battery, for example) is usually indicated in some 
way at its terminals. One is negative and the other posi-
tive. In a DC circuit, the terminal polarity of an operating 
device is the same as the supply source. 
The terminals of a DC voltmeter are either colored or 

marked to indicate the polarity. A red color or a plus (±) 
mark identifies a positive terminal. Black or minus (—) 
indicates a negative terminal. The negative terminal of a 
DC voltmeter is connected through a test lead to the nega-
tive terminal (source or device) of the circuit. The other 
test lead is connected to the corresponding positive terminal 
of the meter and of the circuit. 
Always observe this rule: The polarity marking of the 

DC voltmeter terminal must be the same as the polarity 
of the voltage being measured. 

If you disobey the rule, the scale pointer will move oppo-
site to its normal direction and may be damaged. The rule 
does not apply when measuring AC voltage. 
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The following illustration shows the proper connections to 
be made when measuring DC voltage. 

DC VOLTMETER 

POSITIVE 
TERMINAL 

1.5-VOLT 
DRY CELL 

Voltage Measurements With a Multimeter 
A multimeter can be adjusted by means of selector 

switches to measure either AC or DC voltage. 

TO MEASURE 30 VOLTS AC, 

THE MULTIMETER SETTINGS 

SHOULD BE MADE LIKE THIS 

Q26. Mark this fig-
ure to show the 
switch settings 
required to meas-
ure 6 volts DC. 

AC DC OMMS ADJ 

R • 
etaa 

250MA 

•• 
500MA -

/ I \ 
5WV 250V 5" 

.0%.•\  I ; 

,00V ‘5.0r 

Q27. Show the set-
tings for meas-
uring the voltage 
of a wall outlet. 

AC DC OIS ADJ 

R mi 
10MA I fl 

250MA M.100 

500MA .-"«. IOV 

/ I \ 500V 50V 
250V 

b o  
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CURRENT MEASUREMENTS 

Methods used to measure current with an ammeter or 
multimeter are different from those used to measure voltage. 

Ammeter Connections 

Terminals—An ammeter, like a voltmeter, has two termi-
nals. Both terminals must be connected into the circuit 
when using the meter. 
Connections—To measure current, the ammeter must be 

connected in the circuit in such a way as to allow the cur-
rent being measured to flow through the meter. 

1=1 
ALL CURRENT IN THE 
CIRCUIT FLOWS 
THROUGH THE METER 

FLASHLIGHT 
BULB 

CURRENT-
MEA SUR ING 
METER 

CONNECTING AN AMMETER IN A CIRCUIT 
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Current Measurements With a Multimeter 

Connections—Multimeter connections for measuring cur-
rent are made as if the instrument were an ammeter. The 
circuit must be opened ( usually at a terminal) and the 
probes inserted, one on either side of the break. 
When measuring DC current, a polarity rule must be 

observed: DC current should enter the negative terminal of 
a DC ammeter and leave by its positive terminal. Since you 
know that DC current flows through a circuit from the 
negative to the positive terminals of a voltage source, cur-
rent direction can easily be determined. 

If you plan to do many experiments that require measur-
ing currents, the board shown below should be worth con-
structing. The ammeter probes are inserted into the Fahne-
stock clips. 

EXPERIMENT 80ARD FOR MAKING CURRENT MEASUREMENTS 

1,...41•4•4 

1.5-VOLT 
DRY CELL 

WOOD 
SCREWS 

1.5-VOLT LAMP 
(FLASHLIGHT 

BULB) 

WIRE 

WOODEN BASE 
FAHNESTOCK (INSULATOR) 

CLIPS 

Settings—When a multimeter is used as an ammeter, the 
function switch is set to the appropriate range. In addition, 
the AC-DC switch is set for the kind of current (AC or DC) 
to be measured. 

Q28. What is the difference between connecting a volt-
meter and an ammeter into a circuit? 

Q29. DC current should enter the   termi-
nal of a DC ammeter. 
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Your Answers Should Be: 

A28. Voltmeter measurements are made across the ter-
minals of a device or source. Ammeters are in-
serted into a circuit so that the circuit current 
flows through the meter. 

A29. DC current should enter the negative terminal of 
a DC ammeter. 

MULTIMETER SAFETY RULES AND PRECAUTIONS 

Rule 1: When not in use, always set the function selector 
switch to the highest DC voltage position. 

There are two reasons for this rule. First, as you will 
learn later, a multimeter contains batteries ; at the highest 
DC voltage position the batteries are disconnected from the 
internal circuits and will not be supplying current. Second, 
this position of the selector switch provides the best protec-
tion for the delicate meter movement in the event the probes 
should accidentally come in contact with an energized circuit. 

Rule 2: When in use, forget that the instrument is a 
multipurpose meter and think of it only in terms 
of the function for which you are using it. 

A multimeter with its many switch positions and multiple 
scales can be confusing and can lead even the best tech-
nician into making unnecessary errors. Regard the instru-
ment each time time as a particular single-purpose meter. 

Rule 3: When measuring any voltage or current, always 
use the highest range available first. 

This advice not only provides the best protection to the 
meter, but it also quickly identifies the best range scale you 
should use. If the quantity being measured on this or any 
range causes the needle to move past the end of the scale, 
immediately remove the probe from the circuit. 

Q30. A multimeter should be stored with the switches 
in what position? 

Q31. Make all measurements first at the   
 setting. 
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WHAT YOU HAVE LEARNED 

1. Meters are used to indicate the quantity or value of 
voltages and currents. 

2. Meters are read by noting the position of a pointer on 
a marked scale. 

3. Voltmeters are used to measure voltage. 

4. Ammeters are used to measure current. 

5. DC meters should not be used to measure AC, and AC 
meters should not be used for DC. 

6. The range of a meter is indicated by the highest mark-
ing on the scale. The range is read as "zero to some 
number." For example, 0-150 volts DC. 

7. Never connect a meter to measure a quantity known to 
be above the meter range. Meter damage will result. 
You should have some idea of the maximum value of 
the quantity before making the measurement. 

8. A multimeter is a multipurpose meter. A typical instru-
ment will measure AC volts, AC amps, DC volts, DC 
amps, and ohms. It will measure each of these func-

tions in several ranges. 

9. Voltage measurements are made by connecting the volt-
meter probes across the terminals of the voltage source 
or device to be measured. 

10. If DC voltage is being measured, observe the polarity 
rule. The terminals of the meter and the circuit should 
be connected negative to negative and positive to posi-
tive. 

11. Current measurements are made by connecting the 
ammeter into the circuit in a manner which allows the 
circuit current to flow through the meter. This nor-
mally requires breaking the circuit and connecting the 
ends to the meter terminals. 

12. If DC current is being measured, observe the polarity 
rule. Connect the ammeter into the circuit in a manner 
which allows current to enter the negative terminal of 
the meter. 

13. Switches are provided on the front panel of a typical 
multimeter. An AC-DC switch prepares the meter for 
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Your Answers Should Be: 

A30. Before storing a multimeter, set the AC-DC 
switch to DC and the function selector switch to 
the highest voltage range. 

A31. Make all measurements first at the highest range 
setting. 

the type of voltage or current to be measured. A func-
tion selector switch sets the meter to the function 
(volts, amps, ohms) to be measured and the desired 
range. 

14. When not in use, a multimeter should be set at its 
highest DC-voltage position. 

15. When working with a multimeter, forget its many pur-
poses. Think only of the specific function for which you 
are using it. 

16. When measuring voltage or current, always use the 
highest range first. Remove the probes immediately if 
the pointer moves past the end of the scale. 
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4 

The Basic 
Telephone System 

You will find that a tele-

What You phone system is a simple 
electrical circuit which 

Will Learn operates in accordance with 
the principles you have 

learned earlier. Parts of the telephone circuit convert 
sound into electrical signals. Other parts change the 
electrical signals back into sound. As a result, conver-
sations can be transmitted through wires for extremely 
long distances. 
You are familiar with the mouthpieces and earpieces 

of a telephone. When you finish this chapter, you will 
understand how these parts work. You will also learn 
how they are connected in an operating system. 

THE MECHANICAL TELEPHONE 

Have you ever built a mechanical telephone using a pair 
of tin cans and a length of string? If you have, you know 
sound can be transmitted through a string. As crude as this 
mechanical system is, it demonstrates many of the principles 
used in the modern telephone. 

Ql. Vibrations, representing sound, travel down the 
string of a(an)   telephone system. 

Q2.  , representing sound, travels 
down the wires of an electrical telephone system. 
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Your Answers Should Be: 

Al. Vibrations, representing sound, travel down the 
string of a mechanical telephone system. 

A2. Electricity (or electrical signals), representing 
sound, travel (s) down the wires of an electrical 
telephone system. 

The figures below illustrate how a mechanical telephone 
system operates. 

Itslc]ïiiU111W lcuâ 

1 - •  
TIN CAN 

,47KNOT 

STRING 

1. BASIC SYSTEM 

TIGHT STRING 

TIN CAN 

KNOTN. 

2. BOTH DISCS ARE PULLED OUTWARD AT THE BEGINNING 

STRING LOOSENS 

SENDING DISC 
MOVES OUT 
FURTHER 

 >1=1›‘‘).. 

REPEATER DISC 
MOVES IN AND 

MAKES PRESSURE 
IN CAN 

3. SYSTEM OPERATION WHEN SOUND PRESSURE OCCURS 

4=34  
SENDING DISC 
PULLS IN AND 
PULLS STRING 

REPEATIN DISC 
MOVES OUT AND 
MAKES VACUUM 

IN CAN 

4. SYSTEM OPERATION WHEN SOUND VACUUM OCCURS 

Note that the key part of the mechanical telephone sys-
tem is the flexible metal disc at the bottom of each can. 
Speaking into the can causes sound waves to strike the disc 
and make it vibrate. 
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The vibrations from one disc are carried to the other disc 
by a tightly stretched string. The second disc repeats the 
in-and-out motions of the sending disc and develops varying 
air pressures in the can. These are sound waves which are 
crude reproductions of the original sound waves. 

Principles of Sound 

A study of the basic principles of sound reveals how a 
mechanical (or electrical) telephone system works. Sound 
is made up of vibrations. Differences in sound are deter-
mined by their frequency—the number of times per second 
a sound vibrates. A high tone (a shriek) has a high fre-
quency—several thousand vibrations per second. A low tone 
(deep bass voice) has a frequency of only a few hundred 
vibrations in a second. 

All tones have a specific frequency. A tuning fork, for 
example, vibrates and creates a sound tone at the frequency 
for which it was designed. The same is true of piano or 
violin strings, the skins of a drum, or your vocal cords. 
Air consists of a large number of extremely tiny particles, 

several million per cubic inch. When sound causes these 
particles to vibrate, they alternately pack together and fly 
apart at the frequency of the sound. Packing together 
creates instantaneous areas of high pressure and flying 
apart develops a condition of less-than-normal pressure 
(approaching a vacuum). 
As the areas of changing air pressure strike other adja-

cent air particles, the process is continued. This is the man-
ner in which sound travels through air. When the changes 
in air pressure strike a flexible disc (or diaphragm), it 
vibrates. The vibrations are at the same frequency as the 
original sound. 

In the mechanical telephone, the sending disc transmits 
its vibrations to a tightly stretched string which, in turn, 
sets up the same vibrations in the receiving disc. In the 
modern telephone, proper design and the use of electricity 
result in excellent reproduction of sound. 

Q3. Frequency of a sound indicates the number of times 
it will in a  

Q4. Sound vibrations set up corresponding changes of 
air  
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Your Answers Should Be: 

A3. Frequency of a sound indicates the number of 
times it will vibrate in a second. 

A4. Sound vibrations set up corresponding changes of 
air pressure. 

THE ELECTRICAL TELEPHONE SYSTEM 

The basic telephone system consists of a mouthpiece 
connected to an earpiece by electrical wires. This system 
permits conversation in one direction only. For two-way 
conversation, each end of the system requires a mouthpiece 
and an earpiece. 

Sound Into Electricity 

There are two basic methods of converting sound into 
electrical signals. One method causes current already flow-
ing in a circuit to vary in accordance with the frequency of 
the sound. The other method converts sound into a varying 
voltage which, in turn, causes a varying current to move 
through the circuit. How each method is accomplished will 
be discussed further. 
When the current signals (varying at the rate of the 

sound) arrive at the earpiece, the process is reversed. If 
the signal is the type superimposed on an existing current, 
the variations are received by a material that expands and 
contracts with the signal frequency. If the mouthpiece 
develops a voltage to cause a fluctuating current, the current 
develops a similar voltage in the earpiece. 

Basic Parts of a Telephone 

The working parts of a telephone mouthpiece (often 
called a transmitter) and an earpiece (sometimes called a 
receiver) are usually identical. The mechanism or material 
used to produce a varying current depends on the method 
used. Since all vibrations enter or leave the telephone as 
changes in air pressure, the transmitter and receiver both 
contain a diaphragm. Other parts of the mouthpiece include 
wires, terminals, and materials to hold the parts together. 
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Connections 

In a large telephone system, several lines are connected 
through a switchboard. 

Electririty Carries the Pattern of Sound From 
One Telephone to Another 

„or. SOUND (VARIATIONS IN AIR PRESSURE) 
TRAVELS FROM SPEAKER 

TO MOUTHPIECE OF TELEPHONE 

HIGH- LOW- HIGH-
P ITCHED PITCHED PITCHED 
SOUND SOUND SOUND 

RAPID SLOW RAPID 
CHANGES CHANGES CHANGES 

ENGLARGEMENT OF IWO 
WIRES SHOWS ELECTRONS 
(BILLIONS OF TIMES ENLARGED) 
MOVING THROUGH METAL 

SOUND PRODUCED BY RECEIVER 
HAS SAME PATTERN AS ORIGINAL SOUND 

Q5. A (an) connected to a(an) 
  by wires is the simplest telephone 
system. 

Q6.   in a telephone line varies at the fre-
quency of the original sound. 

Q7. Vibrating air pressure strikes a(an) 
 in the (mouthpiece, earpiece). 
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IRAN SPI.,, 

( )))\/0)  
VOLTAGE SOURCE 

--, -"' (WHEN SOUND IS APPLIED) 
'SOUND' 

Your Answers Should Be: 

A5. A mouthpiece (or transmitter) connected to an 
earpiece (or receiver) by wires is the simplest 
telephone system. 

A6. Current in a telephone line varies at the frequency 
of the original sound. 

A7. Vibrating air pressure strikes a diaphragm in the 
mouthpiece. (The earpiece diaphragm causes vi-
brating air pressure.) 

COMMERCIAL TELEPHONES 

As you can see in the illustration below, a telephone sys-
tem is actually a simple circuit. 

d k/7)Acoe dekeelit 
RECEIVER 

WIRE 

WIRE 
DEVICE i •¡ 

BEING OPERATED i 
ISOUNDI 

In most commercial (home) telephones, the mouthpiece 
and earpiece are contained in a single handset. An exploded 
view of the main parts of a handset is shown below. 

COVER-.. 

COR HANDLE 

RECEIVER 
..-----

SCREW-DOWN 
TERM I NAL 

Al 
Té/-ffio»ev 

Af000" eft 

The transmitter contains a diaphragm resting against 
carbon granules (grains). The granules are loosely packed 
with enough freedom to expand and contract in volume. 
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Transmitter Operation 

Part A in the illustration below shows a drawing of the 
transmitter with no sound applied. Part B demonstrates 
what happens when sound strikes the diaphragm. 

TRANSMITTER OPERATION SOUND WAVES 
CUP I ENTER THROUGH 

CAP HOLES 
NO SOUND 
STRIKING 

TRANSMITTER 

STEADY 
CURRENT 
FLOWING 

DIAPHRAGM 
VI BRATES BACK 
AND FORTH CHANGING 
PRESSURE ON CARBON 

CURRENT IN LINE 
RISES AND FALLS 
IN STEP WITH CHANGING 
PRESSURE ON CARBON 

MEMBRANE 

When the handset is lifted from its cradle, a steady cur-
rent from the phone system starts to flow through the 
carbon granules. Sound striking the diaphragm places a 
varying pressure on the carbon. When the granules are 
packed tightly, current in the circuit increases. When the 
diaphragm releases its pressure, the granules become loose 

and less current flows. 
The transmitter diaphragm vibrates in response to the 

frequency of the sound. Packing and loosening of the car-
bon follow the vibrations of the diaphragm, and current in 
the phone line varies with the density of the carbon. There-
fore, the current varies at the same rate (frequency) as the 
original sound. 

In a commercial system, the varying current is routed to 
the desired receiver through a central telephone office. 

Q8. When a commercial telephone handset is lifted from 
its cradle, a(an)   flows 
through the transmitter. 

Q9. When the carbon granules in the transmitter 
become more densely packed, (more, less) current 

flows. 
Q10. At what rate does the current vary in the phone 

lines during a conversation? 
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COIL 

WIRES 

A 

Your Answers Should Be: 

A8. When a commercial telephone handset is lifted 
from its cradle, a steady current flows through 
the transmitter. 

A9. When the carbon granules in the transmitter 
become more densely packed, more current flows. 

A10. During a conversation, current varies at the same 
rate, or frequency, as the original sound. 

Receiver Operation 

The method of converting the current back into sound is 
slightly different. Part A in the illustration below shows 
a typical receiver used in a commercial phone system. 

RING ARMATURE 
PERMANENT MAGNET 
GAP 

PLASTIC 
DIAPHRAGM 

RECEIVER 

OPERATION 
GAP 

PERMANENT 
MAGNET 

RING 
ARMATURE 

)) 
Part B shows that the diaphragm vibrates when a sound-

varying current passes through the receiver. The current 
passing through the coil develops a magnetic field which 
varies in strength with the changes in current. Thus, the 
field developed by the current periodically repels and attracts 
the steady magnetic field of the permanent magnet, causing 

the magnet to which the diaphragm is fastened to move 
back and forth. This action reproduces the original sound. 

SOUND-POWERED TELEPHONES 

Another application of a simple electrical circuit is the 
sound-powered telephone system. It is used only for short 
distances because of its limited range. 
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Induced Current 
Transmission takes place in sound-powered phones because 

of the ability of a magnet to induce current in a coil of wire. 
A bar magnet has a north (N) and a south (S) pole. Actually, 

- when the magnet is suspended 
in air, the north end of the 

ter -,-• • 1, \ magnet points toward the , 
north geographic pole. Such a 

te\ \ magnet has a magnetic field 
existing in the space surround-
ing it, with the lines of mag-
netic force taking the direc-
tions shown. 

The illustration below shows a bar magnet being moved 
back and forth inside a wire coil. As the magnet moves, its 
magnetic lines of force cut across the turns of the coil. This 
causes an induced current which will actually flow if the 
ends of the coil are connected to a circuit. 

INDUCING A CURRENT IN A COIL OF WIRE 

\ 

- 

The current reverses direction each time the motion of 
the magnet changes direction. The amount of current that 
flows depends on the strength of the magnetic field, the 
number of turns in the coil, and the speed at which the 
magnet is moving. Increasing any of these factors increases 
the amount of current. 

Q11. Current flowing in phone lines at the time when 
no sound is present is ( DC, AC). 

Q12. Current flowing during sound transmission is ( DC, 
AC). 

Q13. What causes a receiver diaphragm to vibrate? 

Q14. A magnet is surrounded by magnetic   of 

Q15. A magnet moving inside a coil  current 
in the coil. 

  \ ) 

"N , MAGNET MOVING 
IN A COIL OF WIRE 

/;  
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Your Answers Should Be: 

All. Current flowing in phone lines at the time when 
no sound is present is DC. 

Al2. Current flowing during sound transmission is AC. 

A13. A varying current develops a changing magnetic 
field which repels and attracts a magnet connected 
to a diaphragm. 

A14. A magnet is surrounded by magnetic lines of 
force. 

A15. A magnet moving inside a coil induces current in 
the coil. 

The induced current theory can be proved by performing 
the experiment shown below. A few microamps of current 
will be developed. 

NOTES 

1. MAKE THE COIL BY CLOSELY 
WRAPPING 2 FEET OF BELL 
WIRE IN A SINGLE LAYER 
AROUND A BROOM HANDLE. 

2. USE A GENERAL HARDWARE BAR 
MAGNET NO. 373-20R EQUIVALENT 

3. PUT THE COIL ENDS AND THE PROBE 
TIPS IN THE FAHNESTOCK CLIPS. 

CREATING VOLTAGE AND CURRENT WITH A MAGNET 
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Sound-Powered Transmitter 

The transmitter of a sound-powered phone makes use of 
the induced-current principle. 
As shown below, a bar magnet is fixed to the center of a 

diaphragm. The diaphragm is fastened to the transmitter 
in such a way that the magnet is over the center of the coil. 

SOUND INPUT 

BAR MAGNET 

ELECTRICAL 
OUTPUT 

DIAPHRAGM 
(SIDE VIEW) 

COIL OF WIRE 

THE BASIC SYSTEM 

PRESSURE 

MOTION 

MAGNET MOTION UNDER PRESSURE 

A 

DIAPHRAGM-OPERATED 

MAGNET 

I MAGNET MOTION FOR VACUUM 

As in other phones, this diaphragm vibrates at the fre-
quency of the sound waves striking it. As it vibrates, the 
bar magnet moves back and forth within the coil. This in-
duces a current which changes direction at the same fre-
quency as the sound. If the transmitter is connected to a 
sound-powered receiver, current will flow back and forth 
through the circuit. 

Q16. The amount of current induced in a coil can be 
increased in two ways. Describe them. 

Q17. A sound-powered phone system (does, does not) 
have current flowing in the connecting lines during 
a silent period. 

Q18. Why will the induced current in this system 
change at the same frequency as the sound? 
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Your Answers Should Be: 

A16. Induced current can be increased by adding more 
turns to the coil or increasing the magnetism of 
the magnet. 

A17. A sound-powered phone system does not have cur-
rent flowing in the connecting lines during a silent 
period. 

A18. Induced current changes at the rate of the mov-
ing bar magnet. Since the magnet is fastened to 
the diaphragm, the induced current will change at 
the same frequency as the sound. 

Sound-Powered Receiver 

The mechanism in the receiver is identical to that in the 
transmitter—a coil, a magnet, and a diaphragm. Current 
flowing back and forth in the receiver coil develops a chang-

A BASIC SOUND-POWERED TELEPHONE SYSTEM 

MAGNET 

DIAPHRAGM COIL 

TRANSMITTER 

WIRE 

E ril=> 

1=113> 

-  WIRE 

WIRE 

BASIC SYSTEM 

WIRE 

MAGNET 

COIL 

RECEIVER 

MAGNETIC 
iFORCE 

SYSTEM WITH SOUND PRESSURE APPLIED 

13=i 

es= 
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ing magnetic field. The bar magnet responds by moving 
back and forth at the same frequency as the current, causing 
the diaphragm to reproduce the original sound. 

Sound-Powered System 

The illustration on the opposite page shows the trans-
mitter and receiver connected together as a working system. 
The two bottom figures demonstrate how the induced cur-

rent changes direction with the motion of the transmitter 
diaphragm. The corresponding effect upon the receiver 
diaphragm is also shown. 

WHAT YOU HAVE LEARNED 

1. A basic telephone system uses all the principles of a 
simple circuit. 

2. The operating principle of any telephone system is the 
ability of the transmitter and receiver diaphragms to 
vibrate in unison. The transmitter is the cause and the 
receiver is the effect. 

3. Sound vibrates at a frequency determined by its pitch. 

4. Sound vibrations cause changes in air pressure. 

5. Changes in air pressure cause a thin metal or plastic 
diaphragm to vibrate. A vibrating diaphragm also 
causes changes in air pressure, producing sound. 

6. In a commercial phone system, a steady current flows 
through the circuit during periods of silence. This cur-
rent is varied when sound waves strike the diaphragm, 
the resulting vibrations exerting and releasing pressure 
on carbon granules. 

7. At the receiver end, the changing current produces a 
varying magnetic field which repels and attracts a mag-
net connected to a diaphragm. This action reproduces 
the original sound. 

8. Another type of phone is the sound-powered system. 
This type uses induced current for signal transmission. 

9. An alternating current is induced in a coil by the back-
and-forth motion of a magnetic field. 

10. A sound-powered transmitter develops an induced cur-
rent caused by the vibrations of a diaphragm. 
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11. A sound-powered receiver uses a changing current to 
develop a varying magnetic field about a coil. The field 
vibrates a magnet connected to a diaphragm, the latter 
reproducing the original sound. 
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5 
Reading Diagrams 

Before proceeding with 

What You more complex circuits, 
you should learn how to 

Will Learn read and draw diagrams 
used in electricity and elec-

tronics. There are many varieties of diagrams, but they 
have all grown from two basic types—wiring and sche-
matic. The fundamentals of both will be explained. 

THE REASON FOR DIAGRAMS 

A textbook can be written without illustrations, but very 
few are. Words alone cannot fully describe the idea or 
thought the author wants the reader to understand. A 
writer uses drawings or illustrations with his words to make 
sure his descriptions are more completely understood. 
Most of the illustrations used thus far in this book have 

been in three-dimensional form. A dry cell was drawn as it 
actually looks—in the shape of a cylinder and with its ter-
minals in the correct positions. A lamp appeared similar to 
those in your home. Wires were drawn to look as natural 
as possible. The artwork was time-consuming but necessary. 
However, can you imagine the task required to draw all 

of the circuits, parts, wires, and terminals of a television 
set in three-dimensional form? 
The illustrations would not only be difficult to draw, but 

also awkward to use. Technical drawings are needed by 
engineers who design equipment, workers who construct 
it, and technicians who service it. They are also required by 
persons who study electricity and electronics. 
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Two-Dimensional Diagrams 

Two-dimensional (flat instead of shaped) diagrams are 
now used almost exclusively because they are easier to 
"read." Reading a diagram means obtaining information 
from it, such as following the path of current through a 
circuit. Reading a two-dimensional diagram is simplified by 
eliminating unnecessary and confusing details. But reading 
this type of diagram is easy only if you understand the 
language. 

The Language of Symbols 

Electrical and electronic diagrams have symbols that 
either resemble or represent the real item. There are sym-
bols (most of them rather simple) for every electrical or 
electronic part. When new parts are invented—such as the 
transistor—a corresponding, identifiable symbol is also 
developed. 
Using symbols instead of cumbersome pictures is not new. 

Shortly after man emerged from the Stone Age, he found it 
difficult to work with his counting and numbering system. 
Making marks on the ground or stacking pebbles in a pile 
became fairly tedious when he wished to indicate "how 
many" of anything. Numeral symbols were invented to show 
how many. This permitted the ancient Arab who owned 
nine sheep and four horses to show on his inventory record 
the symbols "9" and "4" instead of a number of marks. 
Learning electrical and electronic symbols requires the 

same process you used to learn the meaning of numerals. 
Learn what the symbols stand for and how to use them. 

WIRING DIAGRAMS 

Wiring diagrams are used as a guide when constructing 
a circuit or equipment. They are also useful for locating 
wires or connections when servicing or troubleshooting. 

Basic Wiring Diagrams 

The fundamental wiring diagram shows a symbol for each 
part. Emphasis is placed on displaying the terminals of 
each part and the wire connections between them. A circuit 
can be easily put together by following a wiring diagram. 
As an example, compare the two diagrams on the next page. 
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LAMP CIRCUIT DIAGRAMS 

BELL-WIRE 

LAMP 

THREE-DIMENSIONAL PICTORIAL DIAGRAM 

DRY CELL 
LAMP AND 
SOCKET 

BELL WIRE 

BELL WIRE 

TWO-DIMENSIONAL WIRING DIAGRAM 

Note how easy it would be to follow the two-dimensional 
diagram if you were to construct the circuit. The symbols 
are easily identifiable. The dry cell is a flat circle (top 
view) with terminals in the correct positions and polarity 
markings shown. The lamp symbol is two circles, a bulb 
in a base, plus two terminals. Wires are straight lines, and 
the parts are labeled. 

Ql. The two basic types of electrical/electronic dia-
grams are and  

Q2. Why are two-dimensional diagrams used in elec-
tricity and electronics? Give two reasons. 

Q3. Reading a technical diagram requires an under-

standing of  

Q4. How does one learn the meaning of symbols? 

Q5. Name two purposes of a wiring diagram. 

Q6. Redraw the wiring diagram at the top of the page 
showing a knife switch placed in the circuit between 
the lamp and cell. Draw a side view of the switch. 
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Your Answers Should Be: 

Al. The two basic types of electrical/electronic dia-
grams are wiring and schematic. 

A2. Two-dimensional diagrams are used because they 
are easier to draw and easier to read than a three-
dimensional diagram. 

A3. Reading a technical diagram requires an under-
standing of symbols. 

A4. One learns the meaning of symbols by learning 
what they stand for and then using them. 

A5. Two purposes for a wiring diagram are: 

1. A guide for constructing a circuit or equipment. 

2. A means of locating wires or connections in 
equipment. 

A6. Your drawing should be similar to this: 

DRY CELL 
LAMP AND 
SOCKET 

No two manufacturers will necessarily use identical sym-
bols for the same part. Each symbol however, will be a 
close representation of the real thing. The switch symbol 
thus should show the terminals and make clear the differ-
ence between the open and hinged ends. 
The illustration on the next page shows a wiring diagram 

for two 1.5-volt lamps connected to a 1.5-volt dry cell. You 
may construct it if you wish. The circuit is intended to 
demonstrate a principle of electricity. 
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You will note that the lamp symbol has been changed. A 
single circle is often used for this purpose. 

1. 5V 
DRY 
CELL 

BARRIER 
TERMINAL  

1 

2 

r7:71-L.,3 

1.5V 
LAMP 
1 

1.5V 
LAMP 
2 

LAMP-CIRCUIT WIRING DIAGRAM WITH TERMINAL STRIP 

S CREW - DOW tà 
TERMI NAL-

CONDUCTING 
STRIP INSULATOR 

BASE 

TERMINAL-STRIP 
CONSTRUCTION 

SCREW-DOWN 
TERMINAL 

rSCREWDRIVER 
MOTION 

BELL- WIRE 
  CONNECTIONS 

NOTE: 
ALWAYS WRAP WIRE IN 
DIRECTION OF SCREW DRIVER 
MOTION. THIS TIGHTENS THE 
CONNECTION WHEN THE SCREW 
IS TI GHTENED. 

A new part has been added—a terminal board (TB1) . As 
shown in its construction detail, a terminal board has a 
metal strip with two screws on either end, mounted on an 
insulating material. These boards serve as connecting points 
for wires. 
The electrical principle demonstrated in the diagram above 

is that two lamps can be connected to a single voltage 
source. Since both lamps are connected across the voltage 
source (the top terminal of each lamp is wired to the posi-
tive pole and the bottom terminal to the negative pole), the 
lamps are said to be in parallel. This means the same voltage 
(1.5 volts) is being applied to each lamp. 

Q7. What is the purpose of a terminal strip? 

Q8. Two devices connected across a voltage source are 
in  

Q9. Redraw the above circuit, showing by means of 

arrows the direction of current flow in each wire. 
Q10. Remove lamp 1 from the circuit by disconnecting 

the wire at terminal 3. Will lamp 2 go out? 
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Your Answers Should Be: 

A7. A terminal strip provides a means of securely 
joining two or more wires. 

A8. Two devices connected across a voltage source are 
in parallel. 

A9. Your drawing should look like this: 
.III 

A10. Lamp 2 will remain lit. (Even though lamp 1 is 
removed from the circuit, lamp 2 is still across 
the source. If you guessed wrong, trace the path 
of current through the circuit.) 

Multiwire Diagrams—The wiring diagram below shows 
three lamps in parallel. 

CONVENTIONAL WIRING DIAGRAM 

1.5V 
DRY CELL 

TB3 

92 



The Highway Wiring Diagram—Even with three lamps, 
the diagram is cluttered, and the lines are difficult to follow. 
A highway wiring diagram ( it looks like a highway with 
secondary roads leading from it) removes the clutter. The 
same three lamps are redrawn below. Each wire entering 
the "highway" has its destination marked. 

eemeery 
W/1701« 

Pideibte 

1.5V 
DRY CELL 

TB1-2 

112-2 

DC (+) 

TB3-1 

TB1 is the abbreviation for terminal board 1. TB2-1 (ter-
minal 1 of terminal board 2) is positive and therefore con-
nected to the positive pole of the cell. Although only two 
wires are shown connected to the cell, there are actually 
three at each pole as indicated by the TB listings. 

Q11. To which pole of the dry cell is the wire from 
TB3-2 connected? 

Q12. Which dry-cell terminal is connected to TB2-2? 

Q13. What would the abbreviation TB4-3 mean? 

Q14. Draw a wiring diagram showing only lamp 4 con-
nected to TB4 with TB4-1 positive. 
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Your Answers Should Be: 

All. TB3-2 is connected to the positive pole. 

Al2. The negative terminal of the dry cell is connected 
to TB2-2. 

A13. TB4-3 would mean the third terminal of terminal 
board 4. 

A14. Your wiring diagram should look like this: 

DC 1+1 

DC (-) 

TB4 

LAMP 4 

The Airline Wiring Diagram—The airline wiring diagram 
shows wire destinations without a connection between ter-
minals. This type of diagram is used in the same manner 
as the highway diagram. 

1.5V 
DRY CELL 

{TBI-1 

TB2-1 
TB3-2 

{TB1 -2 
TB-2 
TB3-1 
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SCHEMATIC DIAGRAMS 

Schematic diagrams are used more than any other tech-
nical diagram in electronics. Engineers use schematics (the 
term "diagram" is usually dropped) when designing equip-
ment and testing its performance after construction. Tech-
nicians and repairmen constantly refer to a schematic while 
servicing or troubleshooting equipment. 

Information including a schematic is available for nearly 
every television set, radio, and other electronic equipment 
ever manufactured. These can be purchased at electronic 
supply stores and from mail order companies—the same 
source from which you purchase electronic components to 
repair or construct equipment. 
The schematic is used in nearly all electricity/electronics 

textbooks. The reason for using this kind of diagram, of 
course, is the need for all future technicians and engineers 
to become familiar with the type of diagrams they will be 
using most often. Another reason is the clarity with which 
the schematic provides information. The many parts of a 
circuit, or group of circuits, can be drawn in a limited 
amount of space. The symbols used are fairly standard and 
do not vary as the representations do in wiring diagrams. 

Symbols 

Shown below is the schematic symbol for a lamp. 

SYMBOLS FOR A LAMP 

PICTORIAL 

LS_CHEMAT I C 
Q15. What is the difference between highway and air-

line diagrams? 

Q16. Technicians use schematic diagrams to 
  and   equipment. 

Q17. Engineers use schematics to and 
equipment. 

Q18. What does the curved line inside the symbol for 
a lamp represent? 
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Your Answers Should Be: 

A15. A highway wiring diagram has a broad line 
(highway) drawn to each of the wires in the cir-
cuit. An airline diagram does not. 

A16. Technicians use schematic diagrams to service 
and troubleshoot equipment. 

A17. Engineers use schematics to design and test 
equipment. 

A18. The curved line inside the symbol for a lamp rep-
resents its filament. 

Cells and Batteries—The symbol for a cell is two broad 
parallel lines, one shorter than the other, each with a per-
pendicular line attached. The broad lines represent the 
negative and positive materials (plates) in a cell. Since a 
battery contains two or more cells, its symbol is two or 
more pairs of plates—the standard symbol usually used is 
either two or three pairs. Since a battery may have any 
number of volts, the symbol is usually labeled with the volt-
age. It is also good practice to mark the polarity of the 
battery on the symbol, (—) for negative and (+) for 

positive. 

ONE CELL i - 1.5V 

I 
TWO CELLS - f. 3V 

I-

1 
THREE CELLS -- 6V 

i 

FLASHLIGHT 
CELL l 1.5V I 

3-VOLT 
BATTERY 

AUTO BATTERY 

SYMBOLS FOR CELLS AND BATTERIES 

96 



A Circuit Schematic—Now that you are familiar with the 
symbols for a voltage source and an operating device, you 
should be able to draw the schematic of a simple circuit. It 
should look like this: 

1  1. 5V 
CELL 1 

1 
WIRES 0 LAMP 

The lamp and cell symbols are connected by lines repre-
senting wires. Note that the lines run in only two direc-
tions—horizontal and vertical. Slanted or curved lines lessen 
the clarity of a diagram. Also note that a voltage value and 
polarity markings appear on the cell. 
Switches—The symbol for a simple switch is also sugges-

tive of the original article. 

PICTORIAL 

OPEN 

CLOSED 

SYM8OLS FOR A SWITCH 

o  

SCHEMATIC 

o'ro  

OPEN 

o 

o o o o 

CLOSED 

The arrowhead has no real significance other than helping 
to identify the symbol as a switch when it is shown in a 
closed position. Without the arrowhead, the symbol would 
look like a wire between two terminals. 

Q19. Draw a schematic of a 6-volt battery and a lamp. 
Place an open switch in the line attached to the 
positive terminal and a closed switch in the line 
to the negative terminal. 

Q20. Will current flow in this circuit? 
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Your Answers Should Be: 

A19. Your schematic should look like this: 

LAMP 

A20. Current will not flow in this circuit. The open 
switch breaks the path through which current 
would flow. 

Meters—Meters are quite often inserted into circuits to 
monitor voltage and current. The wattmeter (a combination 
of a voltmeter and an ammeter) in your home is an example. 
It is often necessary to show on a schematic where a meter 
reading is being taken. The symbols for three types of 
meters are shown below. 

Denn MADOM 

VOLTMETER AMMETER OHMMETER 

You should recognize these meters as the three types built 
into a multimeter. They are also available as separate 
meters. 

Voltage Sources—The battery symbol obviously repre-
sents a source of DC voltage. There are also other types of 
DC sources. The symbol for one of these, in addition to 
symbols for AC sources, is shown below. 

OR 

DC AC 

SYMBOLS FOR AC AND DC VOLTAGE SOURCES 
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DC and AC voltages can be supplied by generators or 
developed by other methods. An example is the AC voltage 
developed by the vibrating diaphragm of a telephone. The 
basic symbol is the circle, with the letters DC or AC (to 
designate the type of voltage) placed inside. The second 
AC symbol includes a sine wave instead of letters. The sine 
wave in the circle represents the rise and fall of alternating 
voltage. 
Coils—A coil symbol actually looks like the several turns 

of wire it represents. The symbol on the left is the most 
common version. 

SCHEMATIC SYMBOLS FOR A COIL 

Wire Connections and Crossings—Quite often one wire is 
connected to another. In a wiring diagram the terminal 
where the connection is made is shown. In a schematic, 
however, terminals are usually not indicated. In addition, it 
is sometimes necessary to show lines crossing each other. 
The following illustration shows how connections and cross-
ings are indicated. 

SYMBOLS FOR CONNECTING AND CROSSING WIRES 

\ DOTS SHOWING 
CONNECTIONS 

LOOP SHOWING 
NOT CONNECTED 

Series and Parallel Connections—In the discussion on wir-
ing diagrams, two lamps were connected in parallel. Both 
were connected across the battery terminals. Devices can 
also be connected in series, like knots in a string. If two 
lamps are connected in series with a battery, the same cur-
rent flows through both lamps. 

Q21. Draw a schematic of two lamps and a 110-volt AC 
source, all connected in series. 

Q22. Draw two lamps in parallel across a 12V DC gen-
erator. The second lamp is to be switched out of 
the circuit. 
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Your Answers Should Be: 

A21. Your series circuit should look like this: 

110V 

You may have used the other symbol for an A(' 
source. 

A22. Your parallel circuit should look like this: 

12V 

The two lamps are in parallel across the genera-
tor. The open switch disconnects the second lamp. 
With the switch closed, both lamps will light. 
The dots show the points at which the wires are 

connected. 

There are dozens of other symbols which will be shown 
at the time new parts or devices are introduced. The pur-
pose of this chapter was to teach you the basic principles 
of how to read and draw simple diagrams. More complicated 
diagrams which include many different components will be 
used later as you gain more experience and become familiar 

with simple schematics. 
As a summary of the fundamentals of schematics, how 

would you draw this circuit? 

1. The voltage source is two 6-volt batteries (series-con-
nected) in parallel with a 12-volt battery. The polarity 
of all three batteries is in the same direction. 
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2. The load (another term for operating devices) is two 
6-volt lamps (connected in series) in parallel with a 12-
volt lamp. The load is to be connected across the voltage 
source. 

3. Switches are placed in the circuit so that each parallel 
leg (a separate current path) of the load can be 
switched on and off individually. 

4. An ammeter and a voltmeter are placed in the circuit 
between the load and source. 

The easiest and most accurate way to draw the schematic 
from the above description is in sections. 

1. Section 1—the voltage source. 

2. Section 2—the load with its switches. 

3. Section 3—the meters between the load and source. 

DRAWING A SCHEMATIC BY SECTIONS 
 SECTION 1 -SECTION 3 SECTION 2   

LAMP 2 
6V 

LAMP 3 
6V 

As you recall, an ammeter is always connected in the 
circuit path. Therefore, the ammeter in the above illustra-
tion is placed in series with the source and the load. A volt-
meter is always placed across ( in parallel with) the load or 
source. 

Q23. Draw a schematic for the following: 
1. Load—A coil in series with two coils in parallel. "L" 

is the symbol for a coil. Label the coils L1, L2, and L3 

in the order of their distance from the source. 
2. Source—Two 100-volt AC generators in series. 

Q24. Draw a schematic for two 50-volt DC generators ( in 
parallel) supplying voltage for three 50-volt lamps, 
also in parallel. Show a voltmeter to measure the 
source voltage and an ammeter to measure the cur-
rent through lamp 2. 
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WHAT YOU HAVE LEARNED 

1. Technical diagrams are drawn with symbols to clearly 
present a great deal of information in a limited amount 
of space. 

2. There are two basic types of diagrams generally used in 
electrical and electronic work. These two types are wir-
ing and schematic diagrams. 

3. Wiring diagrams are useful as a guide when detail is 
required for construction purposes. 

4. Schematic diagrams with their simple symbols are 
widely used by engineers for designing and testing 
equipment, and by technicians for servicing and trouble-
shooting. 

5. A fundamental or conventional wiring diagram shows 
each wire and a representative symbol for each part, 
and clearly defines each terminal. 
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6. When several parts must be included, an airline or 
highway wiring diagram is drawn. A highway diagram 
uses a broad line representing the many wires going to 
each terminal. All terminals are marked. An airline 
diagram contains the same details without the broad 

line. 
7. Wiring diagrams usually contain too much detail for 

general use, other than construction. The most widely 
used diagram is called a schematic. 

8. Symbols for circuit parts have been fairly well stand-
ardized. They are simple in detail and represent the 
actual article. 

9. New electrical terms introduced were the circuit rela-
tionships of series and parallel connections. Parts are 
in parallel when their respective terminals are con-
nected to the same point. Parts are in series when they 

are connected together in line. 

10. Symbols were shown for several different parts or de-
vices—lamps, cells, batteries, switches, meters, AC and 
DC sources, coils, and connecting wires. 

11. You were shown how to draw schematics of both simple 
and complex circuits. 
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Uriderstaricling 
Resistors 

Voltage, current, and 

What You resistance are closely 
related within a circuit. 

Will Learn Where you find current, 
you find the other two. Cur-

rent cannot flow unless there is voltage. How much will 
flow is determined by how much voltage and how much 
resistance are present in the circuit. You will learn 
what resistance is, what it does, and how it is used. 

WHAT LIMITS CURRENT FLOW? 

You have learned that voltage is a pressure which forces 
current to flow through a circuit. You also have learned 
that current has the ability to heat a lamp filament white-
hot and thus produce light. But have you ever wondered 
why a 40-watt lamp produces less light than one rated at 
100 watts? The amount of voltage pushing current through 
both lamps is the same. The answer, of course, is the indi-
vidual characteristic of each lamp which limits the amount 
of current that will flow. 
The 100-watt lamp glows more brightly because more cur-

rent is allowed to pass through the filament, heating it to 
a higher degree, thus causing it to give off more light. Less 
current is allowed to flow through the 40-watt filament. The 
reason for the different amount of current through each of 
the two lamps is an electrical characteristic called resist-
ance. Resistance limits or controls the flow of current. 
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WHAT IS RESISTANCE? 

Resistance is a physical property of all materials and is 
directly responsible for the amount of current which will 
flow through a material with a given voltage applied. 

Atomic Structure 

All matter is made up of invisible particles called atoms. 
There are over 90 different atoms, or elements, as the phys-
icist calls them. One of the features that makes one atom 
different from another is the number of electrons each con-
tains. A hydrogen atom has one electron, an oxygen atom 
has eight, and an atom of uranium has 92. 
You know that current is a flow of electrons and that 

electrons are made to move by a voltage. This does not 
mean that an electron leaves the negative pole of a battery 
and speeds around the circuit to the positive terminal. 
Instead, there is a general movement or drift of electrons 
throughout the complete circuit. 
Below is a greatly magnified and exaggerated drawing of 

a length of wire with four atoms shown—A, B, C, and D. 
In the shortest possible length of a very thin wire there 
are actually many millions of atoms. 

A 

D 

Electron Flow 

As shown above, electrons orbit about the center of an 
atom. At the instant voltage is applied, two things happen 
simultaneously—negative voltage at one end of the wire 
pushes against the electrons, and positive voltage at the 
other end of the wire pulls them toward that end. In mov-
ing, electrons strike other electrons. One electron is bumped 
out of atom A, and it in turn pushes another out of atom 
B. At the positive end, an electron is pulled from atom D 
and another leaves atom C to replace it. The atoms of some 
materials give up their electrons more easily than the atoms 
of other materials. 
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Resistance of Materials 

There is no perfect conductor. Even the best conductors, 
such as those having silver or copper atoms, resist the pres-
sure to release electrons. On the other hand, the best insu-
lators have atoms which, under conditions of sufficiently 
high voltage, give up some electrons. The resistance of a 
material, then, is determined by its atomic structure. 
The size of the columns in the illustration below shows 

the comparative resistance of certain materials. Keep in 
mind that no material is a perfect conductor or a perfect 
insulator. 

Ge5051UMŒ icm kel'IMOLUZ 

SILVER, 
COPPER, 
ETC. 

CONDLqS 

SEMICONDUCTORS 11 

RUBBER, 

GLASS, 

AIR, 

CERAMI CS, 

PLASTICS, 

ETC. 

Most metals contain atoms that release electrons very 
easily. These materials, therefore, offer the least resist-
ance to current flow. Insulators have the greatest resistance 
because their atoms resist the release of electrons. The 
in-between materials are neither good conductors nor insu-
lators. Among these are certain materials, the semicon-
ductors, from which transistors are manufactured. 
Unit of Measurement—Resistance is measured in ohms. 

The resistance of the 1.5-volt lamp in the preceding experi-
ment, for example, is approximately 6 ohms. In other words, 
the lamp offers 6 ohms of resistance to the electrical pres-
sure of the 1.5-volt cell, and the result is a current flow of 
0.25 amp. 

Ql. What is the difference between a conductor and an 
insulator? 

Q2. The resistance of a material is determined by its 
 structure. 
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Your Answers Should Be: 

Al. Conductor atoms give up their electrons more eas-
than insulator atoms. 

A2. The resistance of a material is determined by its 
atomic structure. 

Volts, Ohms, and Amperes 

Since resistance limits the amount of current that flows 
and voltage forces an amount to flow, there must be some 
numerical relationship between them. 

You would see current decrease to half its former amount 
when a second lamp is added in series with the lamp circuit. 
Current is divided by two when resistance is multiplied by 
two. Mathematicians say, then, that current is inversely 
proportional to resistance. In other words, current decreases 
by the same amount that resistance increases. 
You can also discover, by experimenting, what happens to 

current when voltage increases. You will find they increase 
together (they are directly proportional to each other). 
This makes sense because the pressure of voltage causes 
current to flow. If the pressure increases, flow increases. 
These relationships of voltage and resistance to current 

can be expressed in an arithmetic statement as: 

Current in a circuit — voltage applied to a circuit  
resistance of a circuit 

Using mathematical symbols, this statement becomes: 

E 
R 

where, 

I is the current in amperes, 
E is the voltage in volts, 
R is the resistance in ohms. 

If voltage (E) is increased, current (I) will increase. When 
E decreases, I also decreases. The relationship between I and 
R is just the reverse. A decrease in R causes I to increase. 
The larger R becomes, the smaller I will be. 

108 



RESISTORS 

Now that you know what resistance is, you are ready to 
learn about a device called a resistor. 

What Is a Resistor? 

A resistor not only offers resistance to current flow but 
also has a specific value of resistance. A resistor has many 
uses, but its main purpose is to control current. 
Making a Simple Resistor—Since you know that all mate-

rials have some resistance, you should be able to make a 
resistor having a desired value. The wire from a heating 
element is an economical material to use. 
The element with its wire can be purchased from hard-

ware or most variety stores. Unstretched lengths of the 
coiled wire can be obtained at an appliance repair shop. 
Replacement wire for heating elements is tightly coiled and 
looks very much like a spring. If you make the resistance 
board shown below using the tightly coiled wire, cut off a 
2- or 3-inch length. Grasp the last turn on each end with 
pliers and gently stretch the coil until it is a foot long. 

MAKING A SIMPLE RESISTOR 

CERAMI C 
CORE 

RES I STANCE 
WIRE 

CUT WITH WIRE 
CUTTER AND 
UNWIND WIRE 

BASE 

STEP 1: 

REMOVE THE 
RESISTANCE 
WIRE FROM 
A HEATER 
ELEMENT 

STEP 2: MOUNT THE WIRE 
ON A WOODEN BASE. USE 
WOOD SCREWS AND 
FAHNESTOCK CLIPS. 

Q3. The unit used in measuring resistance is the --- . 

Q4. When resistance remains the same, current will 
(increase, decrease) when voltage decreases. 

Q5. With E constant, I will ( increase, decrease) if R 
decreases. 

Q6. Fifty volts is applied across 100 ohms. How much 
current will flow through the resistance? 
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Your Answers Should Be: 

A3. The unit used in measuring resistance is the ohm. 

A4. When resistance remains the same, current will 
decrease when voltage decreases. 

A5. With E constant, I will increase if R decreases. 

A6. Fifty volts is applied across 100 ohms. The current 
that will flow is: 

E 50 volts  
I — — 0.5 amp 

R 100 ohms 

A Lamp-Control Circuit—The resistance board can be 
used as a means of controlling current in the familiar lamp 
circuit. Note the schematic symbol for resistance. 

A Rheostat—A device that can be adjusted to provide a 
desired amount of resistance is called a rheostat. It has 
a moving contact that performs the function of moving wire 
2 across the resistance from point A to D. 
The diagram shows how the simple resistor would look if 

it were converted into a rheostat. 
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By inserting the rheostat into a circuit with one wire 
connected to the rotating arm and the other to one of the 
terminals, a desired value of resistance can be selected. 
As you can see, the schematic symbol for a rheostat 

(variable resistor) is a combination of switch and resistor 
symbols. The arrow indicates that the value of resistance 
can be varied. 

A Lamp-Control Circuit With Rheostat and Ammeter 

1.5V DRY CELL 

1.5V 

MOVING 
CONTACT 

CONNECT 
MULTIMETER 
(0-250ma, DC) 

CLIPS 

WIRING DIAGRAM 

SCHEMATIC DIAGRAM 

1.5V 
LAMP RHEOSTAT 

MOVING 
CONTACT 

RHEOSTAT 

Q7. A rheostat is a  resistor. 

Q8. Draw the symbol for a rheostat. 
For the remaining questions, use these data: 
(a) The lamp and rheostat are the circuit load. 
(b) Lamp resistance is 6 ohms; rheostat, 12 ohms. 
(c) The resistance from point B to point C (see 

illustration above) is half the rheostat resist-
ance. 

Q9. What is the total resistance of the load? 

Q10. Circuit current will be minimum when the moving 
contact is at point ( A,B,C). 

Q11. The lamp will glow brightest when the contact is at 
point ( A,B,C). 

Q12. How much current will be registered by the am-
meter when the contact is at point B? 
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Your Answers Should Be: 

A7. A rheostat is a variable resistor. 

A8. The rheostat symbol is: 

A9. The total resistance of the load is 18 ohms. Six 
ohms (lamp) in series with 12 ohms (rheostat) 
equals 18 ohms. 

A10. Circuit current will be minimum when the mov-
ing contact is at point A. (The entire resistance 
of the rheostat becomes part of the load.) 

All. The lamp will glow brightest when the contact is 
at point C. (The rheostat is no longer in the cir-
cuit and therefore offers no resistance.) 

Al2. 0.125 amp, or 125 milliamps. (The contact selects 
six ohms of rheostat resistance which, when 
added to the six ohms of the lamp, produces a 
total load resistance of 12 ohms. 1.5 volts divided 
by 12 ohms equals the answer.) 

MEASURING RESISTANCE 

Like voltage and current, resistance can be measured with 
a meter. In fact, you have already learned that an ohm-
meter is part of a multimeter. 

The Ohmmeter Scale 

An ohmmeter scale is labeled either OHMS or with the 
Greek letter omega (n). Instead of writing the word "ohm" 
after the numerical value of a resistance, the omega symbol 
is often used. A typical OHMS scale is shown below. 

70 50 40 30 

AN OHMMETER SCALE 

OHMS (Q) 
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Meter Scale—The meter scale reads from zero to infinity, 
as indicated by the symbol co. Because it is so great, infinity 
has no numerical value. The "K" on the scale stands for 
1,000; therefore, 5K equals 5,000 ohms. 
Zero is on the right of the scale instead of the left as 

it is for voltmeter and ammeter readings. As you remem-
ber, the meter pointer moves across the dial a distance that 
is proportional to the amount of current flowing through 
the meter. If there is zero current when taking a current 
or voltage measurement, the pointer remains at the left on 
0. Maximum voltage or current readings cause the pointer 
to rest on the right end of the respective scales. 
How the Meter Measures—The ohmmeter measures the 

value of a resistance by passing current through the resist-
ance. The amount is measured by the meter. The smallest 
resistance allows the most current to flow. Therefore, zero 
ohms is at the maximum position of pointer swing—at the 
right. Maximum resistance permits the least meter current 
to flow. Therefore co is on the left. 

NOTE: As mentioned previously, there are no resist-
ances that are perfect insulators or perfect conductors. 
Zero and co have been selected arbitrarily as the two 
extreme scale markings. Each scale must have a maxi-
mum and a minimum point. These points are 0 to oo. 

Reading the Scale—The ohmmeter scale is read in the 
same manner as the voltage and current scales. If the 
pointer stops on a numbered division, that number repre-
sents the value in ohms. Between numbers, you determine 
the value of each division mark. Multiply this by the num-
ber of marks to the pointer and add to the lower number. 
For example, there are five divisions between 40 and 50. 
The pointer rests on the third division past 40. The entire 
distance is 10, so each division is worth 2. Three 2's are 6 
which, when added to 40, provide a meter reading of 46 
ohms. Near the left ( upper) end of the scale, numbers are 
close together. A reading here can only be an estimate. 

Q13. The pointer rests on the second of five divisions 
between 500 and 1K. What is the value of resist-
ance? 
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Your Answer Should Be: 

A13. The resistance is 700 ohms. The value between 
the numbers is 500 ( 1000 — 500). Each of the 
five divisions is therefore worth 100. Two divi-
sions of 100 each added to the lower number 
(500) equals 700. 

Calibrating the Ohmmeter 

The ohmmeter must be calibrated, or "zeroed," before 
accurate resistance measurements can be made. 
The zeroing procedure is as follows: 

1. Set the function selector to R x 1. 

2. Touch the meter probes together. The pointer will rest 
close to, but not at 0 on the scale. 

3. Slowly vary the OHMS ADJ control until the pointer 
rests on 0. 

ZEROING 
THE 

OHMMETER 

PROBE TIPS 
TOUCHING 

EACH OTHER 

SOO. 

soov , 

'7 • 7 

THIS CONTROL 
IS USED TO 
ADJUST THE 
OHMS READING 
TO ZERO. 

The ohmmeter is now zeroed and a resistance measure-
ment can be made. The pointer should swing back to infinity 
when the meter is not in use and the probes are not touching 
each other. 
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Resistance Measurements 

Resistance measurements are made by touching the meter 
probes to the terminals of the unit to be measured. Never 
make a resistance measurement when the circuit under test 
is operating. Current from the operating circuit will enter 
the test leads and damage the meter. 
The schematic diagram below shows how an ohmmeter is 

used to measure the resistance of a rheostat. 

IHASURING THE RHEll.sT.11' RESISTANCE 

RX1 

If the rheostat contact is at terminal 1 and the meter 
has been properly zeroed, the resistance reading should be 
zero ohms. Leaving the probes connected, the meter will 
show the gradual increase of resistance as the contact is 
moved toward terminal 2. At terminal 2 the total resistance 
of the rheostat will be read on the meter scale. 

If this experiment is conducted with a properly designed 
rheostat, 1/4 of the total resistance will be read when the 
contact travels 1/4  of its total rotation, 1/2  at the halfway 
point, and so on. This shows that resistance is proportional 
to the length of the material. If a 12-inch length of wire 
measures 12 ohms, a 1-inch piece of the same wire will 
measure one ohm. 

Q14. After you set the function selector switch to the 
proper position, how do you complete the proce-
dure of zeroing an ohmmeter? 

Q15. Before making a resistance measurement in a cir-
cuit, what should you determine first about the 

circuit? 

Q16. One yard of wire measures two ohms. How many 
ohms will 10 yards of the wire measure? 
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Your Answers Should Be: 

A14. The remainder of the zeroing procedure is: Touch 
meter probes together and slowly adjust the 
OHMS ADJ control until the pointer reads 0. 

A15. Check the circuit to be sure that it is not oper-
ating. If it is, turn it off or disconnect it from 
the voltage source. 

A16. If one yard of wire measures two ohms, 10 yards 
will measure 20 ohms. 

Hot and Cold Resistance 

In some cases a resistance taken with an ohmmeter will 
not be the true resistance of the device when it is operating 
in a circuit. A lamp is a good example. It gives off light 
because current has raised the temperature of the filament 
to a white-hot level. The physical structure of most mate-
rials is such that their resistances will increase with a rise 
in temperature. 
This is particularly true of wire used for lamp filaments. 

When hot, the resistance of the wire to current flow is 
higher than it is at room temperature. In materials where 
heat is a factor, there is a hot and a cold resistance. 
Cold Resistance—Cold resistance is an ohmmeter meas-

urement. It is taken when operating current is not passing 
through the device and therefore not heating the resistance. 
Cold resistance cannot be used to determine current that 
will be drawn by a heat-generating device. 
Hot Resistance—Hot resistance is the true operating 

resistance of the heated wire or material. It is this resist-
ance that determines the amount of current flow. Because 
current is determined by the hot resistance, and because 
current and resistance are inversely proportional to each 
other, the value of hot resistance can be determined by: 

Hot (operating) resistance — voltage applied  
current flowing 

You should note that this is just another way of stating 
the formula, current equals voltage divided by resistance. 
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Determining Hot Resistance 

Since you must know voltage and current values to deter-
mine hot resistance, use the following method. 

THE VOLTMETER-AMMETER METHOD OF MEASURING 
RESISTANCE 

MULT ! METER 0-250 MA DC 

0-10VDC I 
STEP 1. MEASURE THE VOLTAGE 

- APPLIED TO THE DEVICE 
STEP 2. MEASURE THE CURRENT - 

DRAWN BY THE DEVICE 

STEP 3. COMPUTE: 
VOLTAGE APPLIED 

OPERATING RESISTANCE 
CURRENT DRAWN 

This method of measuring resistance is called the volt-
meter-ammeter method. Using this method you will find 
that the dry cell measures very close to 1.5 volts and the 
current very near 200 milliamps ( 0.2 amp). In this case, 
the resistance will be 7.5 ohms. The arithmetic statement 
says that if you divide volts by amperes the answer will be 
the value of the heated resistance in ohms. 
Using the cold-resistance method (ohmmeter measure-

ment) you would probably find the lamp resistance to be 
6 ohms or less. 

Q17. Cold resistance is usually ( higher, lower) than hot 
resistance. 

Q18. A heated wire will pass (more, less) current than 
the same wire when it is cold. 

Q19. Redraw the two schematics above into one to show 
the voltmeter-ammeter method with both meters 
in the circuit at the same time. 

Q20. If the ammeter reads 0.5 amp and the voltmeter 9 
volts, what is the hot-resistance value? 
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Your Answers Should Be: 

A17. Cold resistance is usually lower than hot resist-
ance. 

A18. A heated wire will pass less current than when it 
is cold. 

A19. Your schematic should look like this (voltmeter in 
-parallel and ammeter in series with the circuit) : 

9 A20. Operating R — E applied 18 ohms 
I drawn 0.5 

TYPES OF RESISTORS 

Resistors are classified in two ways: ( 1) in terms of their 
construction (wirewound and composition), and (2) in terms 
of their type or function (fixed, adjustable, variable). 
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Wirewound Resistors 

Wirewound resistors are made by wrapping resistance 
wire around a ceramic or other high-insulation cylinder. 
The assembly is then covered with enamel glaze and baked. 
The wire has a known value of ohms per inch. The resist-
ance value desired is then merely a matter of wrapping on 
the required length of wire. 

Composition or Carbon Resistors 

Composition or carbon resistors are molded from a paste 
consisting of carbon (a conducting material) and a filler. 
Terminal wires (sometimes called pigtails) are inserted into 
the paste before it hardens. The resistor is then covered 
with a plastic coating. The resistance of a composition 
resistor is determined by the ingredients (percentage of 
carbon) and its diameter and length. 

Fixed Resistors 

A fixed resistor has only one nonvariable ohmic value. 

Adjustable Resistors 

Adjustable resistors provide a range of resistance within 
the limits of their total value. When placed in a circuit, the 
sliding contact can be positioned and secured to accurately 
provide the required resistance value. This type of resistor 
is not designed to be continuously variable. 

Variable Resistors 

Variable resistors are designed for continuous adjustment. 
A shaft to control the resistance value is usually connected 
to a knob on the front panel of an electrical or electronic 
device. The volume control of your radio or TV set is an 
example. 
A rheostat is a variable resistor. The material that the 

moving contact presses against may be either resistance 
wire or a carbon mixture. 

Q21. Composition resistors are made from a  
and mixture. 

Q22. The control that dims the dashboard lights in an 
automobile is a(an)  resistor. 

Q23   and   resistors are not 
designed to be continuously variable. 
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Your Answers Should Be: 

A21. Composition resistors are made from a carbon and 
filler mixture. 

A22. The control that dims the dashboard lights in an 
automobile is a variable resistor. 

A23. Fixed and adjustable resistors are not designed to 
be continuously variable. 

Resistor Applications 

Typical applications for each kind of resistor are presented 
below. 

RESISTOR APPLICATIONS 

Type Applications 

Composition 
or 

Carbon 

Composition resistors are the least ex-
pensive of the types discussed. They are, 
therefore, the type most widely used. 
However, composition resistors have cer-
tain limitations. They cannot handle 
large currents, and their measured values 
may vary as much as 20% from their 
rated resistance. 

Wirewound 

Wirewound resistors are more expensive 
to manufacture. They are used in cir-
cuits which carry large currents or in 
circuits where accurate resistance values 
are required. Wirewound resistors can be 
made to within 99% or better of the 
desired value. 

RESISTOR POWER RATINGS 

As you already know, current passing through a resistor 
generates heat. If too much heat is generated, the resistor 
will be damaged. Wire in the wound resistor will melt and 
become open, or some of the carbon in the composition 
resistor will burn away. 
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The current-carrying capacity of a resistor is rated accord-
ing to the amount of heat it can safely release in a given 
period of time. A resistor cannot be used in a circuit where 
current causes heat to build up faster than the resistor can 
dissipate it. When such a condition exists, the resistor may 
become so hot that it will be destroyed. Even if the resistor 
doesn't melt and become open, the excessive heat may cause 
a permanent change in its resistance value. In addition, heat 
from the overloaded resistor may damage other components 
that are near by. 

Since heat is a form of energy, the heat-releasing rate of 
a resistor is measured in energy units. The unit is a watt. 
A 100-watt lamp dissipates 100 watts of heat. In the proc-
ess, the lamp also gives off light. 
Heat energy depends on the amount of current flowing 

through a resistor. The arithmetic involved is: 

Heat energy in watts = (current in amps) 2 X (resistance) 

This means that the number of watts dissipated by a 
resistor can be found by multiplying the resistance in ohms 
times the square (a number multipled by itself) of the 
current in amperes. The electrical term for heat energy is 
power. 
For example, a 10-ohm resistor has three amps flowing 

through it. What must be its power rating in watts? 

Power = (amps) 2 X (ohms) = (3) 2 X (10) = 90 watts. 

Composition resistors usually come in power ratings of 1/4  
watt, 1/2  watt, 1 watt, and 2 watts. If larger power ratings 
are required, wirewound resistors are used. 
A design engineer determines the value of resistance 

needed and the amount of current that will flow through it. 
He then specifies the resistor wattage that must be used. 
If the value falls between two of the ratings mentioned 
above, he selects the higher rating. 

Q24. Which of the standard composition-resistor rat-
ings would you select for a resistor of 10 ohms 
through which 1/10 of an amp flows? 

Q25. A 1-watt wirewound resistor ( will, will not) safely 
carry more current than a 2-watt composition 
resistor. 
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Your Answers Should Be: 

1 A24. Power = (1 )2X 10 = —1 x 10 — watt 
10 100 10 

The next highest standard rating is a 1/4 -watt 
resistor. 

A25. A 1-watt wirewound resistor will not safely carry 
more current than a 2-watt composition resistor. 

RESISTOR TOLERANCE 

As mentioned previously, a resistor will rarely measure 
the exact number of ohms specified by its label. The amount 
it will vary is called tolerance. Every resistor has a tolerance 
rating. 

Resistor tolerance is given as a percentage value which 
indicates the amount that a resistor may vary above or 
below its labeled value. Standard tolerances for composition 
resistors are 5%, 10%, and 20%. Wirewound resistors may 
have tolerances as low as one or two percent. 
Try a 1,000-ohm, 10% tolerance resistor as an example. 

Ten percent of 1,000 is 100 ohms. The tolerance factor thus 
indicates this resistor will measure somewhere between 100 
ohms above and 100 ohms below the labeled value of 1,000 
ohms. This is a range from 900 to 1,100 ohms. The same 
resistor with a 20% tolerance will have a true ohmic value 
somewhere between 800 and 1,200 ohms. 

If you have trouble working with percentages, here is 
another way of computing tolerance: 

Resistance variation — rated resistance x tolerance 
100 

The answer will be the number of ohms the resistor may 
vary above and below its labeled value. For example: 

2,000 ohms x 10  

100 
Resistance variation — 

20,000 100 _ 200 ohms 

A 2,000-ohm resistor with a 10% tolerance may vary as 
much as 200 ohms above or below-1,800 to 2,200 ohms. 
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Resistor tolerance is not an indication of poor manufac-
turing. Closer tolerances can be achieved, but at greater 
expense. As you will discover, for a given ohmic value a 
20% tolerance resistor costs less than one rated at 10%. 
And a 10% tolerance resistor is less expensive than one 
rated at 5%. 
Required resistor tolerance depends on circuit design. If 

current flow must be controlled within very close limits, the 
engineer specifies a 1% resistor. On the other hand, a 20% 
tolerance is satisfactory for circuits which have less critical 
operating requirements. Your radio or television set, for 
example, has more 20% resistors than all the other toler-
ances combined. 

PURCHASING RESISTORS 

When purchasing fixed-value resistors, describe each by 
its four characteristics: 

1. Type (composition or wirewound). 

2. Value ( in ohms). 

3. Tolerance (5%, 10%, or 20%; 1% if wirewound). 

4. Power rating ( A, 1/2, 1, or 2 watts). For higher watt-
ages, wirewound resistors must be used. 

Q26. Resistance limits the flow of   in a 

circuit. 

Q27. Conductors have (low, high) resistances. Insula-
tors have ( low, high) resistances. 

Q28. A resistor is a device that has a specific value of 

Q29. If 100 volts is applied across a 25-ohm resistor, 
how much current will flow? 

Q30. A (an) is used to measure resistance. 

Q31. If 100 volts will force 2.5 amps through a device, 
what is the resistance of the device? 

Q32. If 0.2 amp flows through a 50-ohm resistor, how 
much power ( in watts) will it dissipate? 

Q33. What is the lowest value in ohms you would expect 
to measure in a 5K resistor having a 5% tolerance? 

123 



Your Answers Should Be: 

A26. Resistance limits the flow of current. 

A27. Conductors have low resistances. Insulators have 
high resistances. 

A28. A resistor is a device that has a specific value of 
resistance. 

A29. 4 amps. 

A30. An ohmmeter is used to measure resistance. 

A31. 40 ohms. 

A32. 2 watts. 

A33. 4,750 ohms. (K = 1,000) 

RESISTOR COLOR CODES 

Wirewound resistors normally have their value in ohms 
and tolerance in percent stamped on them. For carbon or 
composition resistors a color code is used. 
For several years, resistance values have been coded by 

three colored bands painted around the body of the resistor. 
If the tolerance is either five or ten percent, a fourth color 
band is added. Position of the bands is shown below. 

COLA MGM 
OHDOCATE 

WESIMPICE UWE 

Colors and Numbers—Each of the colors represents one 
of the ten digits-0 through 9. 

Color 

Black 

Brown 

Red 

Orange 

Yellow 

Number Color Number 

O Green 5 

1 Blue 6 

2 Violet 7 

3 Gray 8 

4 White 9 

The order of reading the bands is from the end of the 
resistor toward the middle. 
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The first two colors (A and B in the illustration) indicate 
the first two digits in the resistance value. The third band 
(C) indicates the number of zeroes that follow the first two 
digits. Sometimes a fourth band (D) is present. This band 
indicates tolerance and will be either gold or silver. A gold 
band denotes 5% tolerance, silver 10 %, and no fourth band, 
20 %. Here is an example in reading the first three bands: 

Band A 

Color Blue Red Orange 

Numbers 6 2 3 zeroes 

The blue-red-orange bands signify 62 followed by three 
zeroes and would be read as 62,000 ohms. Another example: 

Band A 

Color Violet Green Red 

Numbers 7 5 2 zeroes 

Digits seven and five are to be followed by two zeroes. 
Combined to form a number, they read 7,500 ohms. Although 
rare, you may find a resistor with the following colors: 

Band A 

Color Violet Green Black 

The resistance value is not 750 ohms. The third band 
specifies the number of zeroes. Black decoded is zero. So 
there are no zeroes after the first two digits, indicating a 
value of 75 ohms. 

If black appears as the second color, it is read as a digit. 
Brown-black-red, for example, reveals that the composition 
resistor has a value of 1,000 ohms. 

Q34. The color bands are read from the — -- toward 
the of a resistor. 

Q35. The first two bands are decoded as  

Q36. The third band indicates the number of  

Q37. Decode brown-black-green. 

Q38. Decode blue-red-red. 

Q39. What is the color code for a 10K resistor? 

Q40. Decode orange-green-brown-silver. 
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Your Answers Should Be: 

A34. The color bands are read from the end toward the 
middle of a resistor. 

A35. The first two bands are decoded as digits. 

A36. The third band indicates the number of zeroes. 

A37. Brown-black-green decoded is 1,000,000 ohms. 

A38. Blue-red-red decoded is 6,200 ohms. 

A39. Brown-black-orange. 

A40. 350 ohms, 10% tolerance. 

RESISTOR CONNECTIONS AND CIRCUITS 

There are only three different ways in which electrical or 
electronic parts may be connected—series, parallel, and 
series-parallel. 

THE THREE BASIC CIRCUIT CONNECTIONS 

R 1 R 2 E 1 E 

1. SERIES CONNECTION 

COMMON 
TERM I NAL E 3 

• o TPOINTS 

2. PARALLEL CONNECT ION 

o  

4 
o -3r 

3. SERIES-PARALLEL CONNECTION 

 o 

The illustration shows the three different connections and 
also the accepted method for labeling components. R stands 
for resistor; E designates a voltage source. Numbers are 
used with the letters to identify a specific component. 

126 



Series Connection 

The first figure on the opposite page shows components in 
series. A terminal of one component is connected to a ter-
minal of the other. Since they are connected together in a 
line, R, is in series with R.. Voltage sources may also be 
series-connected. E, is in series with E. 

Parallel Connection 

The second figure shows components connected in parallel. 
Each terminal of one component is connected to a terminal 
of the other. The connections are called common terminal 
points. R,, is in parallel with R,; E3 is in parallel with E,. 
In parallel, one component is connected across the other. 

Series-Parallel Connection 

As the third figure shows, series and parallel connections 
are combined to form a series-parallel arrangement. Two 
different combinations are illustrated. R, is in series with 
the parallel combination of R:, and Rn. E7 is in parallel 
with the series combination of E5 and EG. 

Circuit Tracing 

The method of determining the manner in which parts 
are connected within a circuit is called circuit tracing. Vis-
ualize how current would flow as you follow its path. 

In the first figure on the opposite page, the same current 
that flows through R, must also flow through R.. Current 
supplied by E. must flow through E, and add to the cur-
rent generated by El. In the second figure, current is traced 
to one of the common terminal points. Here it must divide 
and flow through each leg, the name given to a parallel cir-
cuit path. Some of the current flows through R3 and the 
rest through R,, both currents joining again at the other 
terminal. Current from the E3 and E, legs unite at one 
terminal and separate upon returning to the other terminal. 

Q41. In the third figure on the opposite page, current 
flows through R7. At terminal 2 it divides and 
flows through both -- —_ of the   
connection. 

Q42. In the voltage source portion, _— and — — are con-
nected in series. 
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Your Answers Should Be: 

A41. At terminal 2 the current divides and flows 
through both legs of the parallel connection. 

A42. In the voltage source portion, E5 and Et; are con-
nected in series. 

SERIES CIRCUITS 

If all the components in a circuit are connected one after 
the other, it is called a series circuit. By circuit tracing, 
you can show that in the circuit below, the same current 
that leaves E, flows through the lamp, the ammeter, 112p R 1 t 
and returns to E, again. Therefore, the circuit must be a 

series type. 

E, 
T  R, ...  

Current in a Series Circuit 

It can be proved that the value of current remains the 
same in all parts of a series circuit by constructing the 
circuit on the next page. Fahnestock clips are used as ter-
minal connections. 

If the current is measured by connecting the ammeter as 
shown, the reading should be between 1.6 and 1.7 milliamps. 
This is the value of the current entering terminal 5. 
Connecting the ammeter in series with the two resistors 

at terminal 4, another reading may be taken. Remember, an 
ammeter must always be in series with the circuit in which 
current is being measured. In this case, T4 is disconnected 
and each resistor terminal reconnected to one of the 
ammeter clips. The reading will again be 1.6 or 1.7 milli-
amps. The same results will be obtained at terminals T3, 

T2, and Ti. 

Resistance in a Series Circuit 

Total resistance in a series circuit is equal to the sum of 
the resistances of each of its parts. 

LAMP AMMETER 

A SERIES CIRCUIT 
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This is logical, because the total resistance in the circuit 
determines the amount of current allowed to flow with a 
given voltage source. Therefore, to find the total resistance 
in a circuit, add the values of the individual resistances. 

In the above circuit, the resistances are 3,000 ohms each. 
Their sum is 9,000 ohms. The ammeter also adds resistance 
in series. But since this resistance is normally less than 1 

ohm, it adds so very little to the total that it can be 
disregarded. 

Q43. In a series circuit, all of the parts are connected in 

Q44. R, and R. are connected in series. Their values are 
3,000 ohms and 1,500 ohms, respectively. If cur-
rent through R, is 2 milliamps. what is the value 
of current flowing through R2? 

Q45. Draw a schematic of the three resistors as they 
are connected in the above diagram. Show how an 
ohmmeter (schematic symbol) would be connected 
to read total resistance of the three. 

Q46. If the ohmmeter measures 9,000 ohms, how much 
current will flow if the three resistances are con-
nected across a 15-volt battery? 
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A43. In a series circuit, all of the parts are connected 
in series. 

A44. Current through R2 is also 2 milliamps. (Current 
through all parts of a series circuit is the same.) 

A45. 

OHMMETER 

3K 
RESISTOR 

3K 
RESISTOR 

3K 

RESISTOR 

A46. Current voltage applied 15  
total resistance — 9,000 

= 0.00167 amp, or 1.67 milliamps 

Voltage Distribution in a Series Circuit 

The voltage of a source is distributed across and within 
any load connected to it. Although this is a simple state-
ment, the concept is often misunderstood. 

VOLTAGE DISTRIBUTION IN A SERIES CIRCUIT 

10 VOLTS 

 •D 

20 Q   

O. 5  eB 
AMP A  

_ • 

If a 20-ohm resistor is connected across a 10-volt source, 
as shown in the illustration, a voltmeter reading across the 
resistor will be 10 volts. This means that the voltage of the 
source is not only applied across the load, but it also exists 
within it. 
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The taps ( connections) shown are equal distances apart. 
If the lower test probe is moved to tap B, the voltmeter will 
be across 3/4  of the resistor. And 3/4  of the total voltage is 
7.5 volts. Half the resistance (between C and E) will result 
in a measurement of 5 volts. From D to E is 1/4  of the 
resistance and 1/4  of the voltage, or 2.5 volts. 
Can voltage distribution be estimated without making 

the measurements? Yes, and the reason is based on the 
familiar relationship that exists between voltage, current, 
and resistance: 

Current — voltage E or I = — 
resistance 

If you do not know the value of voltage applied across a 
resistance of 20 ohms, but you do know the current through 
it is 0.5 amperes, how would you determine the voltage? 
You can find the value of voltage by reasoning that E/R 
must be a ratio that equals 1/2. Since R is 20, E would have 
to be 10 volts. Or you can restate the relationship to read 
E = IR, meaning current multiplied by resistance. To prove 
that it is the same equality, 1/2 amp times 20 ohms does 
equal 10 volts. 
Voltage developed across a resistance is termed an IR 

drop, or, substituting E for IR, it may be called a voltage 
drop. "Drop" does not indicate voltage has been lost. In-
stead, it identifies the amount of voltage existing between 
two points of a resistance when current is flowing. 
The IR (or voltage) drop between points A and E in the 

illustration is 10 volts. IR equals 10 volts. What is the 
voltage (IR drop) between taps A and B? I is still 0.5 amp, 
but the value of R is different. It is 1/4 of the total resist-
ance or 5 ohms. Therefore, E = IR = 0.5 X 5 = 2.5 volts. 

Q47. What is the value of voltage between taps A and 
C? 

Q48. What is the voltage drop between taps B and E? 

Q49. What is the IR drop between taps B and D? 

Q50. The sum of the resistances in a series circuit is 
equal to the total  of the load. 

Q51. The sum of the   in a series 
circuit is equal to the total voltage across the load. 
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Your Answers Should 13e: 

A47. 5 volts between taps A and C. 

A48. 7.5 volts between taps B and E. 

A49. 5 volts between taps B and D. 

A50. The sum of the resistances in a series circuit is 
equal to the total resistance of the load. 

A51. The sum of the voltage (or IR) drops in a series 
circuit is equal to the total voltage across the 
load. 

Examples—The schematic for three 3,000-ohm resistors 
and a 15-volt battery circuit can be drawn to look like this. 

A R1 B R2 C R3 D 

_ 

SCHEMATIC DIAGRAM OF A SERIFS CIRCUIT j 

15 V 1.67 
MILLIAMPS 

 + Hill-

Voltage distribution principles are the same for this cir-
cuit as they were for the tapped resistor. Since the load 
contains three resistors of equal value, the voltage drop 
across each will be 1/2  of the source voltage, or 5 volts. To 
prove this, multiply the resistance of one of the resistors 
times the current in the circuit to give the voltage. This 
voltage will not be exactly 5 volts because 1.67 milliamps 
was rounded off to the next highest whole number. If you 
make the measurements with a voltmeter, you will find the 
distribution principle correct by a reading of 5 volts. 
Note that each resistance is marked with polarity signs 

(minus and plus). The voltage across the resistor is just 
as real as that of the voltage source and, if the voltage is 
DC, the resistor has negative and positive terminals. When 
taking voltmeter readings, resistor polarity must be known. 
Circuit tracing is the best way to determine the polarity. 
The terminal that current enters is minus, and the one from 
which it leaves is plus. 
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Try the same reasoning on a series circuit containing 
resistors of unequal value. 

A SERIES CIRCUIT WITH UNEQUAL 
RESISTANCE VALUES 

R1 R2 

3K 1.5K 

90V 

RI is twice the value of Ro in the above circuit. Both are 
in series across 90 volts. How do you find the voltage drop 
across each resistor? 
This can be done by either of the two methods discussed— 

determining proportional distribution across each resistor, 
or by using E = IR. By the proportion method it is neces-
sary to determine what ratio (or fraction) one resistance is 
of the total. 

R1  3,000 2 
R (total) — 4,500 3 

Two-thirds of 90 volts is 60 volts. So the drop across R1 
is 60 volts and across R2, 30 volts. 
By the IR method, current must be determined first. 

E (total) 90  I — — 0.02 amp 
R (total) 4,500 

Then, by using the IR relationship: 

E = I x RI = 0.02 >< 1,500 = 30 volts 

Since the two methods are based on the same voltage 
distribution principle, either method provides the correct 
answer. 

Q52. The ( left, right) end of R1 is negative. 

Q53. Draw a schematic of two resistances in series and 
supplied by 50 volts DC. Ri is 2K and R. is 3K. 
Show all polarity marks. 

Q54. What is the voltage drop across R1? 
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Your Answers Should Be: 

A52. The left end of R1 is negative. 

A53. 

R1 
 VvN,  
+ 2K 

 +11Illf  
50V 

R2 
Ant  4. 3K - 

A54. Voltage across RI is 20 volts. 

PARALLEL CIRCUITS 

If all the components are connected across each other, the 
circuit is a parallel circuit. In the example shown below, 
the components are all connected to the same terminal (a 
wire in this ease) and are therefore in parallel. 

Filed/IF! emeerff 

•  

Polarity across each component is determined by circuit 
tracing. The terminal that current enters is negative. 

Voltage Distribution in a Parallel Circuit 

Each component (the lamp, the voltmeter, and each 
resistor) is connected across the voltage source. Thus the 
voltage drop across each part is the same value as the 
source. This is true even though the resistance of each com-
ponent may be different. 

Current in a Parallel Circuit 

Each component in a parallel circuit draws its own sep-
arate current. Each leg is connected directly to the voltage 
source, which means each leg can be considered as a separate 
circuit to determine its current. 
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In the diagram below, two equal resistors are shown as 

being in parallel across a single voltage source. 

Two Equal Resistances in Parallel With a Voltage Source 

=- • 120V 3 

To find the current through RI, divide the voltage across 
the resistor by the value of R1. The result of this calcula-
tion is 0.04 amp. Since both resistances are equal and have 
the same voltage source, the current through Ro must also 
be 0.04 amp. Both currents are supplied by the same volt-
age source, so the total current drawn must be 0.08 amp. 

Two Unequal Resistances in Parallel With a Voltage Source 

100v 500f1 1,00011 

Using the same reasoning (I = E/R), it will' be found 
that the current through R3 in the above circuit is 0.2 amp. 
The current through R4 is 0.1 amp. The total current is 
0.3 amp. 

Q55. In a parallel circuit, voltage across each leg is ( the 
same as, different from) the voltage at the source. 

Q56. In a series circuit, voltage across each resistor is 
(the same as, different from) the source voltage. 

Q57. In a parallel circuit, total current is the (same as, 
sum of) currents in each leg. 

Q58. In a series circuit, total current is the (same as, 
sum of) currents in each resistance. 

Q59. Ri (20 ohms), R. (40 ohms), and R3 ( 60 ohms) 
are in parallel across a 12-volt DC source. Draw 
the schematic. 

Q60. Find the total current and the current in each leg. 
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Your Answers Should Be: 

A55. In a parallel circuit, voltage across each leg is the 
same as the source. 

A56. In a series circuit, voltage across each resistor is 
different from the source. 

A57. In a parallel circuit, total current is the sum of 
currents in each leg. 

A58. In a series circuit, total current is the same as 
currents in each resistance. 

A59. 

600 

A60. I in RI = 0.6 amp. I in R2, = 0.3 amp. I in R3 
equals 0.2 amp. Total I = 1.1 amps. 

Resistance in a Parallel Circuit 

How would you find the total resistance in the parallel 
circuit you drew in A59 above? 
At this point you have used two of the three arithmetic 

statements that express the relationship existing between 
voltage, current, and resistance. To find current: 

I — R or current —  voltage  
resistance 

To find voltage: 

E = IR, or voltage = current X resistance 

The third way the relationship can be stated is: 

R =-, or resistance — voltage  
Icurrent 

You know the total voltage across the circuit ( 12 volts), 
and you found the total current through the circuit ( 1.1 
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amps). What is the total resistance of the circuit? Using 
the resistance formula above, the answer is approximately 
10.9 ohms. 
As you suspected, total resistance is smaller than the 

smallest resistance in the parallel network. Total current is 
the sum of the parallel currents and is therefore an amount 
that can flow only if the total resistance is smaller than 
that in any of the legs. 

Total resistance cannot be found by adding the values of 
the individual resistances. The sum would be a resistance 
much larger than any one of the resistances. This would 
mean the total current would be smaller than any of the leg 
currents. Obviously, such a solution cannot be correct. For 
those who like to work with numbers, total resistance can 
be obtained by adding reciprocals: 

, 1 — — — — -r 
RT R1 Ro R3 

The electrical wiring in your home consists of parallel 
circuits. This includes the ceiling fixtures, wall outlets, and 
whatever else is energized electrically. Each parallel circuit 
is fused. If you plug one too many appliances into a cir-
cuit, the fuse blows. You have just learned the reason why. 
You added one more resistive path that draws current. As 
a consequence, total current increased beyond the capacity 
of the fuse, and it performed its job. 
Comparisons between series and parallel circuits are 

shown below: 

Series Circuit Parallel Circuit 

Voltage 
Divides across resist- 
ances 

Same voltage across 
all resistances 

Current 
Same current through 
all resistances 

Divides through 
each resistance 

Total 
Resistance 

Sum of all the indivi- 
dual resistances 

Less than the small-
est resistance 

Q61. Two 6-ohm resistors are in parallel across a 6-volt 
battery. What is the total resistance? 
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Your Answer Should Be: 

A61. Three ohms. Current through each leg is 1 amp. 
Total current of 2 amps divided into 6 volts (total 
voltage) is 3 ohms. 

SERIES-PARALLEL CIRCUITS 

A series-parallel circuit contains a combination of series-
and parallel-connected components. The simplest example is 
the one shown below. 

A SIMPLE SERIES-PARALLEL CIRCUIT 

18V 
60 

The best way to work with a series-parallel circuit is to 
reduce all parallel combinations to an equivalent resistance. 
When this is done, the total current or the total resistance 
for the resulting series circuit can be readily found. 

In the example shown above, how would you find the total 
resistance? Think about it before you continue reading. 
Yes, you could do it with reciprocals, but there is another 
method that is more easily applied, even when the resistance 
values are difficult. 
Cover all the circuit except for the parallel network. 

Apply a mythical voltage, the value of which is easily divis-
ible by either resistance. Perform the E/R division to find 
the mythical current flowing in each leg. Divide the sum 
of the currents into the mythical voltage to find the real 
total resistance. The following tables uses three different 
voltages to show it will work with any assumed voltage. 

Mythical Voltage 6 Volts 12 Volts 24 Volts 

I = E/R2 (12 ohms) : 0.5 amp 1 amp 2 amps 

I = E/R3 (6 ohms) : 1.0 amps 2 amps 4 amps 

Total I is: 1.5 amps 3 amps 6 amps 

R = E/I: 4 ohms 4 ohms 4 ohms 
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The total resistance (4 ohms) is the equivalent resistance 
of the parallel network. The 4 ohms is in series with 6 
ohms for a total circuit resistance of 10 ohms (add resist-
ances in a series circuit). The total circuit current (E/R) 
is 1.8 amps. 
There are many different combinations of series-parallel 

circuits. One that is slightly more complex is shown below. 
Some of the questions at the bottom of the page refer to 
this circuit. 

Q62. Current in the above circuit flows through R1 
(before, after) it flows through the parallel net-
work. 

Q63. Total series-parallel circuit resistance is readily 
solved by reducing resistances to an 
equivalent resistance. 

Q64. In a series circuit   divides among the 
resistances. 

Q65. In a parallel circuit divides among the 
resistances. 

Q66. In a series circuit   is the same for all 
resistances. 

Q67. In a parallel circuit   is the same for 
all resistances. 

Q68. What is the total current in the above circuit? 

Q69. What is the arithmetic statement for finding 
current? 

Q70. For finding resistance? 

Q71. For finding voltage? 
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A62. Current in the above circuit flows through R1 
after it flows through the parallel network. 

A63. Total series-parallel circuit resistance is readily 
solved by reducing parallel resistances to an 
equivalent series resistance. 

A64. In a series circuit voltage divides among the 
resistances. 

A65. In a parallel circuit current divides among the 
resistances. 

A66. In a series circuit current is the same for all 
resistances. 

A67. In a parallel circuit voltage is the same for all 
resistances. 

A68. The total current for the circuit is 5 amps. If you 
missed it, do it again. Guidance is on the preced-
ing pages. 

E  A69. I = — which means: current —  voltage  
R resistance 
E voltage  A70. R = — which means: resistance — 
I current 

A71. E = IR which means: voltage = current X re-
sistance 

You have now accumulated quite a bit of experience 
working with the current-voltage-resistance relationship 
that exists in all DC circuits. This same relationship also 
holds true for any portion of a circuit. 
You were guided very closely when solving for current, 

voltage, or resistance, so you may not recall or be aware of 
the care that must be taken in applying the three different 
arithmetic statements. For this reason, the necessary pre-
cautions are summarized. 

1. The correct algebraic forms of the arithmetic state-
ments are: 

E 
I = R = —E , E = IR 
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R4 

2. When using any one of the three formulas, I must be 
expressed in amperes, E in volts, and R in ohms. 
When values appear with kilo-, mega-, or other 
prefixes, they must be converted to the basic units of 
amperes, volts, or ohms. 

3. When using any one of the three formulas, values must 
be taken from the same portion of the circuit. Study 
this diagram for a few moments. 

R1 
  Ae  

E2{It E3 I 
"3 

If you are solving for total current, you must use only 
the values that truly represent total voltage and total 
resistance. You cannot use E1 ( voltage across 111) because 
it is not the total voltage. You cannot use the equivalent 
parallel resistance because it is not the total circuit 
resistance. 
There is danger also in selecting incorrect values when 

seeking a solution for a portion of the circuit. If you are 
working with R1, be sure the current you use is L and 
the voltage is E1 (volts across R1)• 
Always label values to identify the circuit areas to 

which they belong (R1, E1, II, etc.). 

OHM'S LAW 

You probably have heard of or read about Ohm's law. Do 
you know what it is ? Your answer should be yes. You have 
been working with it (E = IR ; I = E/R; R = E/I) through-
out this entire chapter. 
Q72. In the above circuit, E2 is 6 volts and II is 120 

milliamps. What is the value of Ri.? 
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Your Answer Should Be: 

A72. Your immediate answer should have been: "I 
don't know; there is not enough information 
available." 

METER RESISTANCE 

All meters have resistance between their terminals. When 
you connect a meter into or across a circuit, you add resist-
ance to that circuit. 

Ammeters 

Ammeters are always connected in series with the circuit 
through which current is to be measured. As a result, the 
same current flows through the ammeter that flows through 
the circuit. The familiar connection is shown below. 

AMMETER 

VOLTAGE SOURCE 

AC OR DC 

1 Q 
, CIRCUIT 

LOAD 

PROPER AMMETER CONNECTION 

The resistance of most ammeters is less than 1 ohm. 
Added in series with the load resistance, very little change 
is made to the total resistance. If the load were 10,000 
ohms, for example, the new total resistance would be 10,001 
ohms—hardly enough change to make a significant differ-
ence in the current. If the load were only 1 or 2 ohms, 
however, a difference would be noted. 
Ammeters are never connected in parallel. What would 

happen if an ammeter were connected like this? 

VOLTAGE SOURCE 11  

AC OR DC 

1 12 

CIRCUIT 

LOAD 1S2 

IMPROPER AMMETER CONNECTION 



You are right, it would be damaged. But do you know 
why? The full voltage of the source is applied across the 
1-ohm resistance of the meter. Even if the source were 
only a 1.5-volt dry cell, more than an ampere of current 
would flow through the meter. Some meters are designed 
to handle that amount of current, but a multimeter is not. 

If an ammeter is connected to a wall outlet ( 115 volts 
AC) how much current would try to flow through the 
meter? More than 115 amps! However, when the current in-
creased to 20 amps, the protective fuse in the house circuit 
would break the circuit. But the 20 amps would certainly 
damage the meter, and under certain conditions, the person 
holding the meter could be injured. 

FIND THE tienme.s IN MILS 1:11U:LIT 

Q73. There are six ammeters connected into the above 
circuit. Some are connected improperly. Which 
numbers are they? 

Q74. A DC ammeter has a polarity that must be ob-
served. The negative test lead must be connected 
to the side of the circuit. 

Q75. This means that circuit current must enter the 
  terminal of the meter and leave by 
the terminal. 

Q76. The ( left, right) side of ammeter 3 in the above 
circuit is the negative terminal. 

Q77. Current to be measured should not exceed the 
 of the meter. 
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Your Answers Should Be: 

A73. Numbers 2 and 5 are improperly connected. 

A74. The negative test lead must be connected to the 
negative (minus) side of the circuit. 

A75. This means that circuit current must enter the 
negative terminal of the meter and leave by the 
positive terminal. 

A76. The left side of ammeter 3 is negative. 

A77. Current to be measured should not exceed the 
highest range of the meter. 

Voltmeters 

Voltmeters are always connected in parallel with the com-
ponent across which voltage is to be measured. As a result, 
the same voltage appears across the component and the 
meter. The illustration shows the proper connections. 

1 MEGOHM 

PROPER VOLTMETER CONNECTIONS 

The internal resistance of a voltmeter is normally very 
high. The higher it is, the greater the meter accuracy. 

In the illustration, the voltmeter across R1 has an inter-
nal resistance of 1,000,000 ohms. It will change the current 
flowing in the circuit very little, probably not enough to 
vary the true reading. As an example, assume that 0.1 amp 
is flowing before the voltmeter is connected. 300 volts ( IR) 
should be read across RI. The voltmeter adds 1,000,000 
ohms in parallel, however. A little figuring shows that the 
equivalent resistance is now 2,991 ohms, which will increase 
the current to 0.1001 amp, lowering the voltage reading to 
a little over 299.5 volts. This is usually close enough for 
most purposes. 
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A voltmeter with an internal resistance of 10,000 ohms 
presents a different result. Using similar arithmetic, you 
find the new current to be 0.113 ampere and a voltage read-
ing of 260.7 volts, almost 40 volts less than it should read. 
Voltmeter Sensitivity—Internal resistance of a voltmeter 

is given in terms of meter sensitivity (ohms per volt). 
Resistance varies with the range settings. To find the 
internal resistance, multiply the ohms/volt rating by the 
maximum number of volts in a range. With a 20,000 
ohms/volt meter, the following resistances are obtained: 

10-volt range: 10V X 20,000 0/V = 200,000 ohms 

50-volt range: 50V x 20,000 n/V = 1,000,000 ohms 

250-volt range: 250V x 20,000 n/V = 5,000,000 ohms 

Corresponding resistances of a 5,000 ohms/volt meter are: 

10-volt range: 50,000 ohms 

50-volt range: 250,000 ohms 

250-volt range: 1,250,000 ohms 

The 20,000 ohms/volt meter is undoubtedly the more 
accurate meter. It will cost a few dollars more to attain 
this accuracy, but there will be times when you will be 
glad you paid extra for it. 

ClidilkILLIAL"IZIgililkiliaLea-Wl, 

Q78. In the circuit above, which voltmeters are improp-
erly connected in the circuit? 

Q79. The internal resistance of a voltmeter is ( higher, 
lower) than that of an ammeter. 

Q80. What will happen to a circuit if a voltmeter is 
connected in series with it? 
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Your Answers Should Be: 

A78. Voltmeter numbers 3 and 4 are improperly con-
nected in the circuit. 

A79. The internal resistance of a voltmeter is higher 
than that of an ammeter. 

A80. The high resistance of the voltmeter will decrease 
the circuit current by a large amount. 

WHAT YOU HAVE LEARNED 

1. Resistance is a property of all materials which limits 
the flow of current. 

2. Conductors have a low resistance; insulators have a 
high resistance. 

3. Since voltage causes a certain amount of current to 
flow and resistance limits the amount that will flow, 
there is a special relationship between current, voltage, 
and resistance. This relationship is expressed by the 
following: 

I = —E or current —  voltage  
R resistance 

R = —E , or resistance voltage 
current 

E = IR, or voltage = current >< resistance 

4. The unit of resistance is the ohm. The value of resist-
ance in ohms can be measured with an ohmmeter. 

5. Current flowing through a resistance generates heat. 
If temperature rises greatly, electrical resistance of 
the material increases. 

6. Resistors are designated by construction (wirewound 
or composition) and by intended use (fixed, adjustable, 
or variable). 

7. Resistances are rated by their heat-dissipating capa-
bility in terms of watts. 

8. Resistor tolerance is given as a percentage value which 
indicates the amount a resistor may vary above or 
below the labeled value. 
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9. Four characteristics of a resistor must be known when 
purchasing a resistor. These are: type, value, tolerance, 
and power rating. 

10. Wirewound resistors have their value and tolerance 
stamped on the body. Composition resistors are read 
by decoding colored bands painted around the body of 

the resistors. 

11. Resistors, or any other electrical/electronic component, 
have only three possible ways in which they can be 
connected—series, parallel, and series-parallel. These 
terms are also the names of the circuits in which they 

appear. 
12. Algebraic and arithmetic statements of Ohm's law are 

used to determine I, E, or It in a circuit or a portion 
of a circuit. 

13. In a series circuit: 

a. Total voltage is divided among the load resistances. 
b. Current is the same through all the resistances. 
c. Total resistance is the sum of all the resistances. 

14. In a parallel circuit: 

a. Source voltage appears across all the resistances. 
b. Total current divides among the resistances. 
c. Total resistance is less than the smallest resistance. 

15. Never connect an ammeter in parallel with a circuit. 

16. Never connect a voltmeter in series with a circuit. 

17. Never connect an ohmmeter to a circuit in which cur-
rent is flowing. 
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Understanding 
Transistors 

Transistors were in-
What You vented just a few years 

ago. Since that time mil-
Will Learn lions have been used in a 

great variety of electronic 
devices. In this chapter you will learn something of 
what a transistor is and what it can do. You will also 
be given details about a few interesting transistor cir-
cuits that you may want to build. 

WHAT IS A TRANSISTOR? 

The term transistor comes from the combination of two 
words—"transfer resistor." A transistor transfers small 
values of electrical energy into larger values. Weak volt-
ages (such as those representing sound) can be made strong 
enough by transistor circuits to operate a speaker. 
A transistor is actually a variable resistor, but not of the 

ordinary type you have just studied. It is unique because 
its resistance can be varied electrically. Small incoming 
voltages cause small currents to flow through the transistor. 
The small currents make corresponding but large changes 
in the transistor resistance, causing other transistor cur-
rents to make equally large changes in value. The output 
signals are therefore similar to, but stronger than, the 
input signals. 
Transistors are constructed from materials classified as 

semiconductors. Germanium and silicon are examples. 
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HOW TRANSISTORS ARE USED 

Transistors come in several shapes and sizes. There are 
now hundreds of varieties, each one having special char-
acteristics that makes it different than the others for 
specific applications. The three types shown in the diagram 
are representative of the shape and size of most transistors. 
An alpha-numeric (letter and number) code is assigned to 
each type of transistor. This designation, with the aid of 
a handbook, identifies the operating characteristics of each 
particular transistor. 

Amplifiers 

Transistors, as well as several other devices, are capable 
of converting small voltages or currents into larger ones. 
The process is called amplification (to enlarge). Electronic 
circuits that accomplish this function are known as ampli-
fiers. Most of the circuits used in electronic equipment of 
all types are designed as amplifiers. 
Vacuum tubes, for example, were used in amplifier cir-

cuits long before transistors were developed. Transistors 
are beginning to replace the tube as an amplifying device 
in many applications for several reasons. These include: 

1. Small size and weight, allowing equipment to be made 
smaller and lighter. 

2. Low operating voltages, decreasing the need for heavy 
and expensive power supplies. 

3. Relatively noise free, permitting signals to be amplified 
without certain types of distortion. 

Transistor amplifiers are used in radios, television re-
ceivers, tape recorders, phonographs, and a host of military, 
commercial, and industrial electronic equipment. 
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Control Circuits 

In control circuits, a transistor acts as an electrically 
operated switch. Such circuits are built into electronic 
clocks, testing devices, digital computers, etc. 

TRANSISTOR APPLICATIONS 

TV SETS 

GUIDED 
MISSILES 

RADIOS 

TRANSISTOR 

AMPLIFIERS 

IN 

AND 

SPECIAL 

CONTROL 

CIRCUITS 

IN 

TAPE RECORDERS 

DIGITAL COMPUTERS 

ELECTRONIC 
CLOCKS 

Ql. A transistor is a device that can convert ( small, 
large) signals into ( small, large) signals. 

Q2. This conversion process is called 

Q3. A transistor can amplify because its internal 
 can be electrically varied. 

Q4. A transistor is   in size,   in weight, 
and can use -- — voltages for operation. 
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RED WIRE-

BLACK WIRE 
_ _ 

• I 
CLIP E 

A TRANSISTOR VOLTAGE DIVIDER 
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Your Answers Should Be: 

Al. A transistor is a device that can convert small 
signals into large signals. 

A2. This conversion process is called amplification. 

A3. A transistor can amplify because its internal re-
sistance can be varied electrically. 

A4. A transistor is small in size, light in weight, and 
can use low voltages for operation. 

TYPICAL TRANSISTOR CIRCUITS 

One type of transistor circuit will be explained to give 
you an understanding of transistor operation. The circuit 
can be constructed as an experiment if you desire. 

A Transistor Voltage Divider 

A transistor can be used with resistances in series to form 
a voltage divider. Construction details are shown below. 

Iri ,I 1 I 

3K' 
RESISTOR 'I i , . 1,1 • , 

i •IiIiilli ! II I It,' 
I 

CLIP C " II I 
I 

RED DOT , I II  r 

CK-722 , 
(OR EQUIV.) I 
TRANSISTOR 

BLUE WIRE 

I. 

15- VOLT 

BATTERY 



Be careful when handling the transistor because the 
fragile wires break very easily. 
Two schematics of the circuit are shown below. One shows 

an incomplete symbol for the transistor—the correct ver-
sion will be given and described later. The other schematic 
shows the transistor as a variable resistance. The slanted 
arrow indicates the resistance is variable. 

SCHEMATIC DIAGRAMS OF THE ACTUAL AND 
EQUIVALENT CIRCUITS OF THE TRANSISTOR 

VOLTAGE DIVIDER 

15V = 

CK-722 
TRANSISTOR 

ACTUAL CIRCUIT 

15V 7 

3K 

VARIABLE 
TRANSISTOR 
RES I STANCE 

EQUIVALENT CIRCUIT 

NOTE: Until you have more experience, do not connect 
any ohmmeter directly across the transistor 
leads. Certain ranges of some ohmmeters de-
velop enough current to destroy small transis-
tors. The 3,000-ohm resistor in the above cir-
cuit acts as a current-limiting resistance to 
prevent the 15-volt battery from doing the 
same thing. 

Based on your knowledge of resistances in series, what 
value must R., be in order to obtain a voltage reading of 7.5 
volts at terminal C? Yes, it must be the same value as 
(3,000 ohms) to divide the value of source voltage equally 
between them. 

Q5. What approximate value must Ro have if nearly all 
the source voltage is measured across R1? 

Q6. To have most of the source voltage dropped across 
R., Ro must be (more, less) than 10 times the 
value of RI. 
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Your Answers Should Be: 

A5. For 15 volts to appear across R1, Ro must be very 
close to zero ohms. A very few ohms would be a 
good answer. Remember, voltage (IR drop) is dis-
tributed among series resistors in accordance with 
their value in ohms. A resistor which is 10 times 
as large as another has 10 times as much voltage 
across it as the other. 

A6. To have most of the source voltage dropped across 
R2, Ro must be more than 10 times the value of RI. 

The Circuit Operating as a Switch 

If you measure the voltage across the transistor with the 
circuit connected as shown, you will find that it will be 
very close to 15 volts. An extremely accurate meter might 
measure it as 14.96 volts. This leaves 0.04 volt for RI. If 
the voltage across Ro is 374 ( 14.96 divided by 0.04) times 
greater than the voltage across RI, the resistance of Ro 
must be the same number of times larger. This works out 
to be a value of over 1,000,000 ohms. The illustration shows 
how the voltmeter is connected across the transistor. 

3K 

Measuring the Voltage 

= 15V Across the Transistor 

V) 

CK - 722 

Under these conditions, current in the circuit would be 
very small, about 15 millionths of an amp. In effect, the 
high resistance of the transistor is very close to being an 
open circuit—no current flowing. 
The structure of the transistor material will cause this 

resistance to change when current flows from B to E. 
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By adding a large resistor ( 56,000 ohms) from the nega-
tive side of the battery to the B terminal of the transistor, 
approximately 250 microamps will flow through the tran-
sistor. The meter reading, as shown below, is near 0 volts. 

VOLTAGE ACROSS 

THE TRANSISTOR 
WITH A 

NEGATIVE VOLTAGE 

APPLIED TO TERMINAL 

In effect, the path through the transistor from C to E has 
decreased from a very high resistance to a very low resist-
ance. The transistor is operating as if it were a switch. 
The pair of diagrams below show the transistor acting as 
a switch. With no current through B, the transistor acts as 
an open switch; with current it acts as a closed switch. 

A TRANSISTOR CAN ACT LIKE A SWITCH 

15V 

HI GH R FROM C TO E LOW R FROM C TO E 

Q7. When a small amount of current enters the B ter-
minal, the transistor acts as a(an)   
switch and almost (all, none) of the source voltage 

appears across it. 
Q8. With no current through B, the C to E switch is 

(open, closed) and almost (all, none) of the source 
voltage can be measured across the terminals. 

OV 
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Your Answers Should Be: 

A7. When a small amount of current enters the B ter-
minal, the transistor acts as a closed switch and 
almost none of the source voltage appears across it. 

A8. With no current through B, the C to E switch is 
open and almost all of the source voltage can be 
measured across the terminals. 

In practice, the transistor switch is opened and closed by 
electrical signals applied to the B terminal. These will be 
discussed later in the chapter. 

TRANSISTOR SYMBOLS AND CONNECTIONS 

Transistors have their own symbols and methods of being 
connected within a circuit, the same as other electrical and 
electronic components. 

Symbols 

There are two types of transistors—NPN and PNP. The 
difference between the two is the type of materials used in 
their construction and, as a result, the direction that current 
flows between terminals. 
Symbols for both types are shown below. The CK-722 

(used in the experiment) is a PNP transistor. 

BASE 

COLLECTOR 

PNP 

EMITTER 

iMinel4ll'll 
â'UllIM 

BASE 

COLLECTOR 

NPN 

EMITTER 

The only difference in the two symbols is the direction 
of the arrowhead. Be able to recognize either one. Current 
not only flows through the two types in different directions, 
but they are connected into a circuit differently. 
Also note the names for the B, C, and E terminals. Base, 

collector, and emitter identify the significant parts of a 
transistor. B, C, and E are the notations often used in 
schematics. 
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PNP 

NPN 

current. 

current. 

Shown below are the basic circuits for NPN and PNP 
transistors and the flow directions for base, collector, and 
emitter currents. Study them carefully. 

I TOTAL C 

BASIC 

TRANSISTOR 

CIRCUITS 

IE IB + IC 

.11.11.11 

Q9. The symbol IE stands for -- -- current. 

Q10. The symbol IE stands for 

Q11. The symbol IE stands for 

Q12. The symbol IT stands for current. 

Q13. In both circuits, emitter current is equal to — — — — 
current plus current. 

Q14. In both circuits, total current is equal to 
current plus current. 

Q15. In either circuit,   current and   
current are the same value. 

Q16. The terminals of 111 and 11., nearest the transistor 
are negative in the (NPN, PNP) circuit. 

Q17. Emitter current is ( greater, less) than the base 
current. 
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Your Answers Should Be: 

A9. The symbol IB stands for base current. 

A10. The symbol Ic stands for collector current. 

All. The symbol IF; stands for emitter current. 

Al2. The symbol IT stands for total current. (Total 
current refers to the current that flows through 
the voltage source.) 

A13. In both circuits, emitter current is equal to base 
current plus collector current. 

A14. In both circuits, total current is equal to base cur-
rent plus collector current. 

A15. In either circuit, total current and emitter current 
are the same value. 

A16. The terminals of R, and R., nearest the transistor 
are negative in the NPN circuit. (The terminal of 
any resistor through which current enters has 
negative polarity.) 

A17. Emitter current is greater than the base current. 

A SIMPLE CONTROL CIRCUIT 

A control circuit can be made from the transistor voltage 
divider used in the first part of this chapter. The control 
circuit will be used as a means of applying the principles 
you have learned about transistors. Enough details are fur-
nished so you can construct and use the circuit if you desire. 

Circuit Construction 

The control circuit is very similar to the other transistor 
circuits that have been discussed. A schematic diagram 
(including parts detail) is shown on the next page. 
R, and Ro connect the transistor base to the negative ter-

minal of the 15-volt battery. R, can be any low resistance 
material or device. Its purpose is to interrupt the base cir-
cuit when the event to be detected takes place. 
R3 connects the collector to the negative terminal of the 

battery. The positive battery terminal is connected to 
the emitter. A lamp is connected in parallel with the tran-
sistor and will light when the event is detected. 
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The battery is not shown as a symbol in the schematic. 
Arrowheads, however, point to the proper terminal connec-
tions. This technique is used to save space and reduce 
clutter in the schematic diagram. 

A SIMPLE ALARM CIRCUIT AND DETECTOR 
15V 

DETECTOR 

56K 
1I2W, 

1K 
112W, 5% 

CK - 722 
OR EQUIV. 

SCREW TO BOARD 

LAMP HOLDER 
(THIN SHEET ALUMINUM) 

NOTES: 

15V (1-)** 

LAMP: 
GE 344 

OR EQUIV. 

• Connect to the negative terminal 
of the 15-volt battery. 

•• Connect to the positive terminal 
of the 15-volt battery. 

Q18. When base current flows through the transistor, 
a very ( high, low) resistance appears between col-
lector and base. 

Q19. When resistance between C and E is high, (fif-
teen, zero) volts will be developed between collector 
and base. 

Q20. The voltage polarity of R3 is negative on the (col-
lector, battery) side. 

Q21. The voltage polarity of R. is positive on the ( base, 
detector) side. 

Q22. The lamp ( will, will not) light as long as base cur-
rent is flowing. 
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Your Answers Should Be: 

A18. When base current flows through the transistor, 
a very low resistance appears between collector 
and base. 

A19. When resistance between C and E is high, fifteen 
volts will be developed between collector and base. 
(By comparison, R3 will be a very low resistance. 
Therefore, most of the voltage source will be 
developed across the transistor.) 

A20. The voltage polarity of R3 is negative on the bat-
tery side. (Remember that collector current in a 
PNP circuit flows toward the collector. The polar-
ity of R3, then, must be minus to plus, top to 
bottom.) 

A21. The voltage polarity of Ro is positive on the base 
side. 

A22. The lamp will not light as long as base current is 
flowing. (When base current flows, C-to-E resist-
ance is almost zero. Not enough voltage is devel-
oped across the transistor to light the lamp.) 

How the Circuit Operates 

The preceding questions established the fundamental 
principles of transistor operation. Now these principles will 
be used to expla'n how the circuit operates. -15V DETECTOR 

56K 
-15V 

15V 
LAMP 

Current Flow in the Transistor .41artn Circuit 
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When detector R1 remains unbroken, the following condi-
tions exist: 

1. Base current flows through the transistor. 

2. The transistor acts as a closed switch. 

3. Zero voltage appears between C and E. 

4. The lamp does not light. 

When the detector is broken (opened) : 

1. Base current stops flowing. 

2. The transistor acts as an open switch (from C to E). 

3. Voltage appears between C and E. 

4. Voltage is applied across the lamp, causing it to light. 

The Detector—A simple detector can be made from a strip 
of aluminum foil. Taped to a door or a window, it will break 
when either is opened, thus lighting the alarm. Construction 
details are shown below. 

ALARM DETECTOR CONSTRUCTION 

[71M1 NUM FOill 

CELLOPHONE 
TAPE 

WIRE 

DETECTOR TAPED ACROSS CLOSED DOOR 
I : I 
' DOOR WALL 

r 

S 
I 

Q23. The lamp is out when — — — — current is flowing. 

Q24. The lamp is on when C-to-E resistance is ( high, 
low). 

Q25. When the lamp is lit, there is (zero, maximum) 
voltage across R3. 

Q26. When the detector breaks, there is (zero, maxi-
mum) voltage across R.». 

Q27. The value of base current is equal to   
current minus current. 

Q28. In a circuit using an NPN transistor, base current 
flows ( toward, away from) the source, and emitter 
currents flows ( toward, away from) the transistor. 

Q29. ( Collector, emitter, base) current is equal to the 
total current flowing through the source. 
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Your Answers Should Be: 

A23. The lamp is out when base current is flowing. 

A24. The lamp is on when C-to-E resistance is high. 

A25. When the lamp is lit, there is zero voltage across 
R3. 

A26. When the detector breaks, there is zero voltage 
across R2. 

A27. The value of base current is equal to emitter cur-
rent minus collector current. 

A28. In a circuit using an NPN transistor, base cur-
rent flows toward the source, and emitter current 
flows toward the transistor. 

A29. Emitter current is equal to the total current flow-
ing through the source. 

A TRANSISTOR AMPLIFIER 

A transistor can be used to amplify voltages. As you 
recall, amplify means to increase amplitude or value. In 
other words, a weak signal (radio wave or audio voltage, 
for example) can be made stronger by passing it through 
an amplifying circuit. 

Alternating Current or Voltage 

Before you begin thinking about amplifiers you should 
become more familiar with alternating voltage. You know 
that an alternating current reverses itself periodically. Dur-
ing one period of time, current flows in one direction. 
During the next period, current flows in the opposite direc-
tion. The flow of current does not make the change instan-
taneously; it does not move in one direction, then pause 
before it moves in the other. The changes occur over a 
period of time, regardless of how short the time may be. 
The illustration on the next page shows a graph of how 

an AC voltage (or current) changes direction. The same 
picture can be seen on an electronic test instrument, called 
an oscilloscope. 
The dimensions of the graph show voltage values verti-

cally and time in seconds horizontally. 
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You will note that this AC sine wave (as it is called) 
takes 2 seconds to change from zero volts to its maximum 
of 2 volts. It rises rapidly during the first second (to 
approximately 0.7 of its maximum value). It then rises 
less and less rapidly until its full value is finally reached 
at the end of the remaining second. 

AN AC SINE WAVE 

I 
0 2 4 6 8 

SEC SEC SEC SEC SEC 

Irti-  ONE CYCLE 

From zero to 2 seconds the voltage is rising in the posi-
tive direction. It decreases to zero volts, following the same 
shape curve, in the next 2 seconds. At this point it has 
completed one half of its full cycle. This portion of the 
waveform is called the positive half cycle. 
During the negative half cycle, it repeats the first half, 

except that now it moves in the negative (or opposite) 
direction. From zero volts, it increases in value until it 
reaches the maximum—minus 2 volts. This takes 2 seconds. 
In the next 2 seconds, the voltage decreases from its maxi-
mum negative voltage back to zero. 
The rise and fall of the positive and negative half cycles 

are identical. The only difference is the direction—one is 
from zero to a maximum positive voltage and back to zero, 
while the other is from zero to a maximum negative volt-
age and back to zero. AC voltage in your home follows the 
same pattern. It completes 60 full cycles every second (60 
positive half cycles and 60 negative half cycles). 

Q30. A weak signal can be increased in amplitude by 
passing it through a(an)  circuit. 

Q31. An AC cycle consists of two half cycles; one is 
 and the other is  
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Your Answers Should Be: 

A30. A weak signal can be increased in amplitude by 
passing it through an amplifying circuit. 

A31. An AC cycle consists of two half cycles, one is 
negative and the other is positive. 

Gain 

The behavior of an amplifier is described in terms of 
gain. Without going into lengthy detail, amplifiers are 
designed to operate at some definite voltage level during 
periods when no signals are applied. In the illustration 
below, the voltage level of the input side is —2 volts. The 
output side operates at +90 volts. 

AN AMPLIFIER OPERATES AT CERTAIN 
VOLTAGE LEVELS +iciov 

-1V 

2 V 

INPUT -3V 

+90V 

OUTPUT 

+80V 

If an AC signal that is changing from +1 volt to —1 
volt during a full cycle is applied to the input, the signal 
voltage will add to the DC voltage already present at the 
input. For example, when the signal is maximum positive, 
the +1 volt is added to the —2 volt DC level to produce a 
—1-volt input to the amplifier at that time. When the sig-
nal swings in the negative direction, —1 volt and —2 volts 
become —3 volts. In other words, the swing of the input 
is from —1 to —3 volts, or a change in voltage of 2 volts. 
Assume that the characteristics of the amplifier are 

capable of making the corresponding output voltage changes 
shown in the diagram with such an input signal. The oper-
ating level of the amplifier output is +90 volts. During the 
first half cycle of the input, the output changes from +90 
volts to +80 volts. During the second half cycle, the swing 
is from +90 volts to + 100 volts. 

164 



This means that an input voltage change of 2 volts caused 
an output voltage change of 20 volts (from +80 to + 100). 
The output change was ten times that of the input, so the 
gain of this amplifier is 10. 
How would you express this in arithmetic form? Like 

this: 

Gain change in output voltage 
change in input voltage 

Or, if you want to find the change in output for a given 
amplifier with a particular input signal: 

Change in output E = gain >< change in input E 

Problem—If a certain signal causes a change of three 
volts on the input side of an amplifier and a corresponding 
change of 48 volts at the output, what is the gain? 

output change (volts) 48 Gain —   — — 16 
input change (volts) 3 

Problem—Input voltage of an amplifier changes from 
—1.5 volts to —4.5 volts. The amplifier gain is 12.3. What 
is the voltage change in the output? 

Output change (E) = gain >< input change (E) 
= 12.3 >< 3 volts 
= 36.9 volts 

Amplifiers can be designated with gains ranging from 
very small to very large. The amount of gain desired is 
first determined and then an amplifier is selected that has 
such a gain. 

Q32. An alternating voltage appears at the input of an 
amplifier. It causes the input voltage to vary from 
—2 volts to —1.2 volts. What is the change in 
input voltage? 

Q33. The same change in input voltage produces an 
output waveform that swings from + 12 volts to 
+42.6 volts. What is the gain of the amplifier? 

Q34. An amplifier has a gain of 39; the input voltage 
swings from — 5.25 to —5.05 volts. What will be 
the change in the output voltage? 

Q35. Would a steady DC voltage applied to the input 
of an amplifier cause the circuit to amplify? 
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A32. Change in input voltage is 0.8 volt. 

A33. The gain of the ampliler is 38.25. 

A34. Output voltage change would be 7.8 volts. 

A35. The answer is no. (After the initial rise of the 
DC voltage at the instant it is applied, there 
would be no further change in the input voltage 
and consequently no change in the output voltage. 
Hence, there would be no amplification.) 

A Simple Transistor Amplifier 

You may wish to construct the transistor amplifier shown 
in the schematic diagram below. R2 is shown as 9,000 ohms. 
If you discover you do not have a 9K resistor, but you do 
have an assortment of 3K resistors, what would you do? 
Yes, you could connect three 3,000-ohm resistors in series 
and have the equivalent of 9,000 ohms. 

A SIMPLE TRANSISTOR AMPLIFIER CIRCUIT 

9K JCOLLECTOR CURRENT CK-722 
MEMO OR EQUIV. R1 B 

VOLTAGE CURRENT 
ems= COMMON LINE 

COLLECTOR CURRENT 

15V   

COLLECTOR CURRENT 

The input to this amplifier is maintained at 1.5 volts by 
the dry cell shown. An AC signal applied to the base will 
rise above and below this reference voltage. 
The output voltage can be measured from the collector to 

the common line. Since the common line is connected to the 
emitter, the output voltage will be that appearing across 
the transistor from C to E. In all other respects the ampli-
fier circuit is similar to the transistor control circuit. 
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A change in input voltage will occur if the switch in the 
line connected to the base is opened and closed. The change 
can be observed on a voltmeter with its leads connected to 
the base and the common line. Output voltage changes can 
also be read with a voltmeter connected as shown. 
The graph shows the voltage changes that will occur. 

VOLTAGE CHANGES IN THE TRANSISTOR AMPLIFIER 

OV 
INPUT 
VOLTS 

OUTPUT 
VOLTS 

-15V 

SWITCH 
OPEN 

-1.5V 

-5V 

SWITCH 
CLOSED 

SWITCH 
OPEN 

SWITCH 
CLOSED 

 1 SEC -1.4- 1 SEC -044- 1 SEC 1 SEC -e." 

With the switch open, the input registers 0 volts and the 
output —15 volts. With the switch closed, the input changes 
to —1.5 volts and the output to —5 volts. The same read-
ings occur each time the switch is opened and closed. 

If the switch were opened and closed at one second inter-
vals, as shown in the graph, the cycles would repeat them-
selves at a steady rate. The frequency would be one cycle 
every two seconds as opposed to the household electrical 
AC frequency of 60 cycles per second. Because they have 
straight sides and flat tops, the waveforms in the graph 
are called square waves. 

Q36. What is the gain of the transistor amplifier circuit 

just described? 

Q37. The output waveform rises rapidly, remains at a 
steady value, and then decreases rapidly to its 
original level. What type of waveform is it? 

Q38. What type of voltmeter would you use to meas-
ure the output when the switch is closed? 
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A36. The gain is 6.7 (a change of 10 output volts 
divided by a change of 1.5 input volts). 

A37. The waveform is a square wave. 

A38. A DC voltmeter. (The same voltmeter would also 
be used for measurements while the switch is 
open.) 

WHAT YOU HAVE LEARNED 

1. A transistor is a variable resistor that can be controlled 
electrically. 

2. Transistors use small input voltage changes to produce 
larger output voltage changes. 

3. A transistor may be used as a resistor in a voltage 
divider. 

4. A transistor may be used as an electrical switch. It 
will react as an open switch when no base current flows 
and as a closed switch when base current does flow. 

5. There are two types of transistors, NPN and PNP. In 
an NPN, base and collector currents flow away from 
the transistor. Emitter current flows toward the tran-
sistor. These currents flow in opposite directions in a 
PNP transistor. 

6. AC voltage rises to, and falls from, its maximum volt-
age periodically. The polarity alternates between posi-
tive and negative directions. 

7. The gain of an amplifier is determined by dividing the 
change in input voltage into the corresponding change 
in output voltage. 

168 



8 
How To Solder 

You will now learn how 

What You to make permanent elec-
trical connections using a 

Will Learn procedure called soldering. 
You will be shown how to 

work with the necessary tools and hardware. The fun-
damentals are easily learned. Skill in soldering requires 
careful practice. When you complete this chapter you 
will be able to apply the fundamentals of soldering, 
select and use the proper tools, properly prepare an iron 
for soldering, make proper mechanical and electrical 
connections, and make and disconnect soldered joints. 

THE PURPOSE OF SOLDERING 

Solder is a special metal mixture applied to electrical con-
nections to prevent oxidation. Soldering is the process of 
applying the right amount of the mixture to join two or 
more pieces of metal. 
Oxidation is the result of a chemical reaction between air 

and certain metals. When iron oxidizes, rust forms on its 
surface. When copper oxidizes, a dull, insulating film forms 
on its surface. The film has a high resistance to current 
flow. In order to retain a good electrical connection, the 
film must be removed and prevented from forming again. 
To protect iron from rusting, it is painted. To protect 

copper and similar metals from oxidation, they are coated 
with solder. In addition to providing a good electrical path, 
the solder also adds to the mechanical strength of the joint 
when two wires are joined. 
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THE PROCESS OF SOLDERING 

Solder is applied to a connection with heat. A tool that 
supplies this heat is a soldering iron or a soldering gun. 

Solder 

Solder is a metal alloy ( mixture) containing tin and lead. 
The alloy most usually used in electronic work is 60/40 
solder-60 % tin and 40 % lead. 
Other tin/lead ratios are available but are not recom-

mended for use in electronic equipment or small electrical 
appliances. 50/50, 40/60, and 30/70 are all solders that 
have less tin content than the 60% desired. Tin is the metal 
in the alloy that leaves the bright, tightly bound, conductive 
coating produced by soldering. 
Lead permits the alloy to have a reasonable melting point. 

If solder were 100% tin, it could not be melted and applied 
with an ordinary soldering iron. 70/30, 80/20 and other 
tin-heavy ratios are available and probably would permit a 
better soldering job. But, as the tin content of the alloy 
increases, so does its melting point. Higher heat is required 
for application. High temperatures damage or destroy com-
ponents—resistors, coils, and transistors, for example—and 
excessive heat chars, burns, or melts insulation on wires 
and components. 60/40 solder seems to be the best balance 
between the need for a properly soldered joint and the 
maximum heat that can be tolerated. 

Solder comes wrapped on spools or supplied in coil form. 
its shape is usually round and wire-like. However, it also 
can be procured in flat, ribbon-like lengths. 
An oxidation dissolver called rosin must be used when 

soldering in electrical or electronic work. Although a con-
nection may be cleaned until it is bright and shiny (as it 
should be), application of heat during the soldering process 
causes the connection to rapidly oxidize again. Rosin melts 
at low temperatures and forms a coating to protect the 
metal from air while heat builds up to melt the solder. 
Rosin can be purchased separately in a tube or a can, but 

solder that contains a core of rosin can be purchased. Such 
a combination is called rosin-core solder and is recommended 
for all soldering in electrical circuits. 
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Some solders contain an acid paste in the core. Do not 
use acid-core solder. It corrodes metals used in electrical 
and electronic equipment. The corrosive effect eats away 
metal and leaves a nonconducting layer having a very high 
insulation resistance. 

Soldering Tools 

A soldering iron or gun is used to melt solder. For most 
electrical work, either is usually suitable. However, each 
has certain advantages for specific jobs. The gun (pistol-
shaped) provides heat within a few second at the touch of 
a trigger, but is usually heavier, larger, and more difficult 
to use in close quarters than an iron of the same rating. 
An iron reaches soldering temperature slowly and must be 
unplugged to cool, but is usually less expensive than a gun. 

SOME SOLDERING IRONS HAVE REMOVABLE TIPS 

AND HEATING ELEMENTS 

HOLDER 

HEATING 
ELEMENT TI P 

The heating power of an iron and gun is rated in watts. 
Irons are available with ratings from 6 watts or less to 500 
watts and more. The larger irons are for heavy industrial 
use. Irons rated from 25 to 75 watts are best for most 
electronic work. Remember to use no more heat than neces-
sary to obtain a properly soldered connection. 
A variety of tips can be used with the iron pictured above. 

At least one should be a spade tip which is most useful for 
general-purpose soldering. 

Ql. For electronic work, solder should be a(an) 
alloy and have a core. The iron should be 

__ watts. 
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Your Answer Should Be: 
Al. For electronic work, solder should be a 60/40 tin/ 

lead 25 to 75 alloy and have a rosin core. The iron 
should be 30 to 40 watts. 

SOLDERED CONNECTIONS 

You will often hear that a good, tight mechanical connec-
tion is required before soldering. This means a connection 
that will remain tightly bound between wire and wire, or 
wire and terminal. It must not be movable during the 
soldering process and it must be strong enough to resist 
jarring loose under normal equipment operation. 

Tools for Making Connections 
In addition to an iron, other tools for soldering are needed. 

Although primarily used when making a mechanical con-
nection, these tools have other useful purposes. Two such 

tools are shown below. 

\PLIERS ARE NECESSARY 

TOOLS FOR ELECTRICAL 

OR ELECTRONIC WORK 

DIAGONAL CUTTERS 
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Diagonal Cutters—Diagonal cutters, also called "dikes," 
are used for cutting wire, trimming leads and terminals to 
length, and stripping insulation from wire. 
Long-nose, or needle-nose, pliers—Long-nose pliers are 

used to hold materials in place, form wire to the shape of 
terminal connections, make wire splices, and as a means 
of diverting soldering heat from delicate parts. 
Metal Stand ( Rest) for Iron—A soldering-iron stand is 

a useful accessory for soldering work. One can be pur-
chased, but you can easily make one from a small tin can. 
Flatten one side of the can by bending a small area of 
the top and bottom rims outward. Just enough bending is 
needed to keep the can from rolling. A dent placed in the 
top forms a seat for the iron. Placed on the rest, the iron 
will not be free to burn other material on the bench, and 
contact with the can helps draw away excess heat. 

METAL REST 
FOR IRON 

SOLDERING ACCESSORIES 

SOLDERI NG 
AID 

Soldering Aids—Soldering aids come in several shapes. 
They are used primarily to remove excess solder during 
soldering and unsoldering. The one shown above has a 
sharp point and hook. An ice pick can also be used. 

Q2. "Dikes" can be used to cut wire and remove 

Q3. Long-nose pliers can be used as a means of bypass-
ing — — — — during a soldering job. 

Q4. An ice pick can be used to remove excess  
while unsoldering. 

Q5. A wire splice must be mechanically tight so the 
wires will not __ — — during soldering. 

Q6.   must be removed from bare wires 
before they can be soldered. 
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Your Answers Should Be: 

A2. "Dikes" can be used to cut wire and remove 
insulation. 

A3. Long-nose pliers can be used as a means of bypass-
ing heat during a soldering job. 

A4. An ice pick can be used to remove excess solder 
while unsoldering. 

A5. A wire splice must be mechanically tight so the 
wires will not move during soldering. 

A6. Oxidation must be removed from bare wires before 
they can be soldered. 

Connections Between Terminals and Wires 

Below is the proper way to splice a wire to a terminal. 

CONNECTING TO A TERMINAL 

STEP 1 

INSERT THE STR IPPED 
WIRE END INTO THE TERMINAL 

STEP 3 

MAKE A SECOND HALF-TURN WRAP 
WITH THE NEEDLE-N OSE PLIERS 
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STEP 2 

MAKE A HALF-TURN WRAP 
WITH THE NEEDLE-NOSE PLIERS 

STEP 4 

SQUEEZE THE WIRE FLAT 
AGAI NST THE TERMI NAL 



Preparing the Wire—The insulation must first be removed 
from the end of the wire. From % to 1 inch or more of 
bare wire is needed, depending on the type of connection 
to be made. If the wire is not bright and shiny, it probably 
has an oxidized film on it. The film should be removed by 
scraping with a knife or rubbing with fine sandpaper. 
Preparing the Terminal—A new terminal (one never 

used) will be ready for the splice. It has been coated with 
metal to which solder will readily adhere. If the terminal 
is not shiny and silvery color, it should be cleaned also. 
Sandpaper, with the help of a knife point, will do the trick. 
If the terminal has been previously used, remove all excess 
solder. This can be done by heating the terminal and wip-
ing the melted solder away with a rag or a small wire 
brush. Care must be taken to prevent any of the molten 
solder from being splattered onto your skin or into your 
eyes. 
Making the Connection—Follow the steps shown in the 

illustration on the opposite page to make a connection. If 
two or more wires are to be secured to a terminal, make 
the connection for each in the same manner. This can be 
done individually or by the wires together as a group. 
After making the connection, test it carefully. Check the 

length of the bare wire left between terminal and insula-
tion. Too much bare wire (over 3/8") may be the cause of 
future shorts. Wiggle and tug on the connection. Make sure 
the wire does not move on the terminal. 

Q7. From — to — inch or more of bare wire should be 
exposed for connection to a terminal. 

Q8. The wire should be wrapped through and around 
the terminal with   pliers. 

Q9. Wire should be squeezed tight on the terminal for 
a strong connection. 

Q10. Wires and terminals must be clean. They can be 
cleaned with a knife or . 

Q11. Exposed wire should be no longer than inch 
from terminal to insulation. 

Q12. If the connection moves while being wiggled or 
tugged, what should be done? 
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Your Answers Should Be: 

A7. From % to 1 inch or more of bare wire should be 
exposed for connecting to a terminal. 

A8. The wire should be wrapped through and around 
the terminal with long-nose pliers. 

A9. Wire should be squeezed tight on the terminal for 
a strong mechanical connection. 

A10. Wires and terminals must be clean. They can be 
cleaned with a knife or sandpaper. 

All. Exposed wire should be not longer than 3/8" from 
terminal to insulation. 

Al2. If the connection moves while wiggled or tugged, 
unsolder it and resolder it more carefully. 

Wire-to-Wire Connections 

Wire-to-wire connections are also made by splices that are 
mechanically strong. Three common splices are shown below. 

Pigtail Splice—This splice is easily made. Cross the wires, 
as shown in the illustration, and begin twisting the wires 
together. The twist should be started by hand and com-
pleted with pliers to make sure the splice is tight. Do not 
exert too much pressure or the wires may break at the 
bottom of the splice. 
After the splice has been soldered, fold it back and along-

side one of the wires. Wrap plastic insulating tape around 
the splice. The wrap should have two or three layers if 
the wire is used for 115-volt purposes. 

THE PIGTAIL SPLICE 

CLIP OFF 
ENDS WITH 

DIAGONAL CUTTERS 
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STEP 1 

Western Union Splice—Developed in the early days of 
the telegraph, the Western Union splice is neat and mechan-
ically tight if properly made. Starting from the crossed-
wire position, wrap one wire neatly around the other. Keep 
the coils close together. Do the final tightening with a pair 
of pliers. Then straighten the wires as in Step 3. Wrap the 
second wire closely around the first and tighten. There 
should be at least four coils on each side of the junction. 
Solder, then wrap the splice with plastic tape. 

THE WESTERN UNION SPLICE 

WRAP ONE WIRE 
AROUND THE OTHER/ 

STEP 2  

WRAP SECOND WIRE AROUND FIRST AND TIGHTEN WITH PLIERS 

Stranded-to-Solid Splice—Twist the stranded wire into a 
straight, tight spiral and wrap around the solid wire as in 
Step 2 of the Western Union splice. Make at least a half-
dozen turns. Fold and tightly crimp the end of the solid 
wire over the turns. Solder and wrap the splice with tape. 

Q13. A pigtail splice is made by   wires 
together. 

Q14. A Western Union splice is made by  
one wire around the other to form tight coils. 

Q15. In a stranded-to-solid splice, the   
wire should be wrapped around the wire. 

Q16. After a splice has been formed by hand it should 
be tightened with  

Q17. The splice should then be   and 

Q18. Before making any splice, the bare wires should 
be  
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Your Answers Should Be: 

A13. A pigtail splice is made by twisting wires to-
gether. 

A14. A Western Union splice is made by wrapping one 
wire around the other to form tight coils. 

A15. In a stranded-to-solid splice, the stranded wire 
should be wrapped around the solid wire. 

A16. After a splice has been formed by hand it should 
be tightened with pliers. 

A17. The splice should then be soldered and taped. 

A18. Before making any splice, the bare wires should 
be cleaned. 

SOLDERING 

The tips of some soldering irons need to be tinned. Any 
tip that is corroded needs to be retinned and, if dirty, needs 
to be wiped clean with a rag. Tinning (with solder) is the 
process of applying a protective coating of solder on the 
copper tip to prevent corrosion. The process is shown below. 

  TINNING A SOLDERING IRON   

STEP 1 

FILE BOTH SIDES OF THE CHISEL 
TIP UNTIL THEY ARE SMOOTH 

AND CLEAN. 
Caution: Never clamp the tip in a vise. 

STEP 3 
APPLY SOLDER TO BOTH SIDES OF 
THE CHISEL TIP UNTIL THEY HAVE 
A SHINY SOLDER COATING. 
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STEP 2 

PLUG IN THE SOLDERING IRON 
AND ALLOW IT TO GET HOT. 

STEP 4 

WIPE AWAY EXCESS SOLDER 
WITH A DAMP RAG. 

Caution: Hot steam may occur. 



Soldering Wire to a Terminal 

A good solder joint has just enough solder to bond the 
splice together; has a smooth, semishiny, unblemished 
appearance; and has edges that seem to blend cleanly and 
smoothly into the terminal and wire. 
Any other appearance is a sign of improper soldering. 

A large glob on the terminal indicates too much solder was 
applied. The temperature of the metal was too low if the 
joint has a dull and pitted appearance, or a ball of solder 
that does not blend into the metal. 

SOLDERING TO A TERMINAL 

SOLDER 
(USE SPARINGLY) 

TOUCH THE SOLDER TO 
THE FRONT OF THE LUG. 

TOUCH THE IRON TO 
THE BACK OF THE LUG. 

The iron should be applied to the back side of the ter-
minal and held firmly against the wire. After a few seconds, 
touch the solder to the wire at the front of the terminal. 
If the solder readily melts, the connection is sufficiently 
heated. If the connection is not hot enough, remove the 
solder and continue heating until it is. Do not touch the 

solder to the iron. 
When the connection is hot enough, touch the solder to 

the wire in front of the terminal. Rosin will melt and coat 
the connection. Let the solder flow to the terminal and the 
iron. It will flow properly when the connection is the right 
temperature. When the connection has been coated (not 
just covered) with solder, remove the length of solder. 
Leave the iron on the connection to boil away the rosin. 
If any rosin remains under the solder, an insulation barrier 
will be formed. Now remove the iron and let the connection 
cool. Do not move the joint while it is cooling. 

Q19. The copper tip of a soldering iron must be 
  to prevent corrosion. 

Q20. Solder is applied to a connection (at the same time 
as, some time after) the iron is applied. 

Q21. Solder is applied to the ( connection, iron). 
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Your Answers Should Be: 

A19. The copper tip of a soldering iron must be tinned 
to prevent corrosion. 

A20. Solder is applied to a connection sometime after 
the iron is applied. 

A21. Solder is applied to the connection. 

Soldering a Splice 

Quite often heat from the soldering iron may melt or 
burn the insulation on a wire being soldered, or may damage 
a component (resistor, tran-
sistor, etc.). Heat from the 
iron travels rapidly down the 
wire. 
To prevent this, use the 

long-nose pliers as a heat sink. 
Grip the wire between the ter-
minal and insulation, or the 
lead between the component 
and connection, as shown in 
the illustration. The iron in the pliers dissipates most of 
the heat before it can travel further down the wire. 
The correct positions of iron, connection, and solder while 

soldering splices is shown below. Let the solder flow to the 
iron through the connection. 

TOUCH THE 
SOLDERING IRON 
TO THE OTHER SI DE. 

TOUCH 
THE SOLDER 
TO ONE 
SI DE OF 
SPLICE 

SOLDERING A SPLICE 

SOLDER ON TOP 
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Tinning Stranded Wires—Conductors made up of several 
small wires are called stranded wires. When the insulation 
is stripped back, the small wires tend to fan out. In fact, 
the wires are very difficult to keep together, especially 
when an attempt is made to fasten them under a screw-
down terminal. Connecting stranded wire to a terminal 
often leaves an untidy job with one or more of the small 
wires pointing away from the connection. Many shorts 
have been caused by stray wires from a stranded conductor. 
This problem can be solved by tinning the strands. 

TINNING STRANDED WIRE 

STEP 1 

STRIP THE WIRES AND 
SCRAPE CLEAN WITH A KNIFE. 

STEP 3 

MELT SOLDER OVER 
THE TWISTED WIRES. 

After the tinned strands have cooled, shape the wire to 
fit the terminal to which it will be connected. If it is a 
screw-down terminal, place the end of the wire in the jaws 
of the long-nose pliers and bend the wire over the rounded 
back to form a loop. Slip this around the screw. If the wire 
is to go into a terminal or around a solid wire instead, use 
the pliers to form it to the object. 

Q18.  make a good heat sink. 

Q19. A heat sink placed between the insulation and the 
  will help keep the insulation 
from being melted or burned. 

Q20. Wires of a stranded conductor can be kept together 
by  

Q21. Solder should flow to the — — -- through the 
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Your Answers Should Be: 

A18. Long-nose pliers make a good heat sink. 

A19. A heat sink placed between the insulation and the 
connection will help keep the insulation from 
being melted or burned. 

A20. Wires of a stranded conductor can be kept to-
gether by tinning. 

A21. Solder should flow to the iron through the con-
nection. 

Checking a Soldered Connection 

One way to test a solder job is with an ohmmeter. A good 
solder connection has zero resistance. The procedure is 
shown below. In making the test, touch the test probes to 
the metal of the pieces that are joined. Do not touch the 
probes to the solder itself. 

TESTING A SOLDERED CONNECTION 

SOLDERED 
JOINT 

TOUCH THE BARE WIRE WITH 
ONE OHMMETER PROBE. 

-------TOUCH THE TERMINAL WI TH 
THE OTHER OHMMETER PROBE. 

INSULAT ED WIRE 

An ohmmeter test does not always reveal a poor solder-
ing job. But if the meter reads zero ; the solder looks neat, 
smooth, semishiny, and well blended into the metal; and you 
observed all the precautions, the connection should be elec-
trically good. The precautions are restated below. 

1. Never solder with a cold iron. 

2. Never solder with an untinned or dirty iron tip. 

3. Let the solder flow to the iron through the connection. 

4. Let just enough solder flow to coat the connection. 

5. Burn away all rosin. Any left beneath the solder will 
cause the insulating effect of a rosin joint. 
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Unsoldering Connections 

It is quite often necessary to disconnect a component or 
a wire from a soldered terminal. The procedure is relatively 
simple if you take care to do it correctly and make sure 
that you do not burn or char any of the nearby parts. 
Follow the steps as outlined here. 

UNSOLDERING CONNECTIONS 

511E) 

51Te? S 

UNWIND WIRE 

PULL WIRE 

OUT Of TERMINAL 

Place an ice pick or soldering aid into the eye of the 
terminal by following Step 3. This will prevent the opening 
in the terminal from remaining filled with solder. 
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WHAT YOU HAVE LEARNED 

1. Rosin-core, 60/40 solder should be used in electrical and 
electronic work. 

2. A soldering iron for electrical work should have a rat-
ing of 25 to 75 watts. 

3. Diagonal and long-nose pliers are required to make 
splices and as help in soldering. A soldering aid is also 
helpful. 

4. If wires or terminals are not cleaned of oxidation prior 
to soldering, a high-resistance connection may result. 
Cleaning can be done with a knife and/or sandpaper. 

5. Wires joined to terminals or wires must form a tight 
mechanical connection. 

6. A pigtail splice is formed by twisting wires together; 
a Western Union splice is made by wrapping each wire 
in tight coils around the other. 

7. Soldering irons are tinned by filing off the oxidation 
and coating the tip with solder. 

8. When soldering, certain precautions must be followed 
to obtain a good electrical connection. These are: 

a. Never solder with a cold iron. 

b. Never solder with an untinned tip or one that is dirty. 

c. Let the solder flow to the iron through the connection. 

d. Let just enough solder flow to coat the connection. 

e. Burn away all rosin. 

f. Do not move the connection while it is cooling. 
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Understanding 
Transformers 

Man has learned how to 

What You improve the usefulness of 
AC voltage by converting 

Will Learn it to higher and lower val-
ues. In this chapter you will 

learn how a transformer can accomplish this. When you 
have finished, you will be able to explain what trans-
formers are, how they are used, and how they are con-
nected into circuits. 

WHAT IS A TRANSFORMER? 

A transformer is an electrical device which converts AC 
voltages and current from one value to another. Trans-
formers are made in a number of varieties and sizes. Large 
transformers are used to furnish 115 volts AC for homes. 
The voltage at the generating plant may be several thou-
sand volts, which is reduced to the 115-volt level by a series 
of transformers along the power line leading to the user. 
The final step-down in voltage is usually accomplished by 
a transformer on a utility pole near the user's home. 
There are transformers in most homes also. Door bells 

or chimes usually operate on 12 or 16 volts AC. A trans-
former changes the house voltage of 115 volts to the 
bell-ringing voltage. Most radios, television receivers, record 
players, stereo systems, etc., contain one or more trans-
formers. Some of these convert the 115 volts to lower or 
higher voltages to operate the sets ; other transformers are 
used as connecting links between circuits. 
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HOW DO TRANSFORMERS WORK? 

Transformers contain coils of wire wound on an iron 
frame. As you learned in earlier chapters, AC flowing 
through a coil develops a magnetic field that expands and 
contracts in step with the changes in the current. The 
magnetic field of one coil induces current to flow in the 
other coil by cutting through the turns of wire. 

Transformer Windings 

The basic transformer is constructed with two coils wound 
around a single core ( iron frame). The coils are called 
windings. The input side is the primary winding, and the 
output side, the secondary winding. 

A BELL TRANSFORMER 
IRON FRAME 

(CORE) 

PRIMARY ,r 
WINDING 

Construction 

Schematic Symbol Connections 

SECONDARY 
WINDING 

PRIMARY 

SECONDARY 
I\ 

The Primary Winding—The primary winding is the input 
to the transformer. It receives AC voltage and current from 
a source. The primary of the bell transformer, for example, 
is connected to a 115-volt line. 
The Secondary Winding—The secondary winding is the 

output from the transformer. Its voltage and current values 
are different from those in the primary. In the bell trans-
former, the 115 volts applied to the primary is converted 

to a 16-volt AC output in the secondary. 
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Fundamental Principle 

The transfer of energy that takes place between the coils 
of a transformer is called transformer action. Transformer 
action is based on the fundamental electrical principle of 
a moving magnetic field being able to induce current in a 
conductor. 
There are two facts regarding the relationship of current 

and a magnetic field: 

1. A current flowing in a conductor develops a magnetic 
field about the conductor. As shown in the illustration, 
the direction of the lines of force in the field depend on 
the direction of the current flow. In part A, the lines 
of force are counterclockwise—in part B, clockwise. 

CURRENT FLOW CAUSÉS A MAGNETIC FIELD 

2. Magnetic lines of force cutting through a conductor 
cause current to flow in that conductor. The field must 
be moving. In a single conductor, the current is very 
small. If the conductor is formed into a coil, many 
turns will be cut by the moving field, thus developing 
a larger current. An example is shown below. 

A MOVING MAGNETIC FIELD CAUSES CURRENT FLOW 

, , 

PRIMARY COIL\ / SECONDARY COIL 
/ 

Ql. Magnetic lines must be (moving, stationary) to 
induce current in a conductor. 
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Your Answer Should Be: 

Al. Magnetic lines must be moving to induce current in 

a conductor. 

Transformer Action 
The requirements for induced current are that magnetic 

lines of force must cut through a conductor and the magnetic 
field must be moving (expanding outward or contracting 

inward). 
DC Current—Direct current, as you know, maintains a 

steady level and always flows in the same direction. Does 
DC induce current to flow in another conductor? It produces 
a magnetic field whose strength (number of force lines) is 
proportional to the number of amperes flowing. But the 
magnetic field remains steady, neither expanding nor con-
tracting. Therefore, DC does not induce current in another 

conductor. 
AC Current—Does alternating current induce electrons 

to flow in another conductor? Yes, because AC is constantly 
increasing and decreasing in value. The magnetic lines of 
force generated by the AC increase and decrease corre-
spondingly. The magnetic field expands outward and con-
tracts inward as the value of current changes. This means 
that the magnetic lines of force change direction as the cur-
rent changes from the positive half cycle to the negative 
half cycle. 
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The diagram on the opposite page demonstrates how the 
magnetic field expands and contracts with the rise and fall 
of current. The field is in constant motion. An alternating 
current, therefore, induces current to flow in another con-
ductor or coil. In this case, the induced current will also be 
alternating. 
Energy Transfer—An applied AC voltage causes current 

to flow in the primary winding of a transformer. This 
causes a changing magnetic field which induces a current 
to flow in the secondary. The induced current will develop 
an AC voltage across the secondary winding. Therefore, it 
is the nature of the voltage and current in the primary to 
transfer energy to the secondary in the form of a voltage 
and current. Transformer action for one full cycle of AC 
voltage is shown below. 

Q2. AC current develops a changing   

 • 
Q3. A changing magnetic field develops a ( an) 
  in a conductor. 

Q4. To induce current, a field must — — — — through a 
conductor. 

Q5. — — but not — — induces current in a conductor. 

189 



Your Answers Should Be: 
A2. AC current develops a changing magnetic field. 

A3. A changing magnetic field develops an alternating 
current in a conductor. 

A4. To induce current, a field must move (or cut) 
through a conductor. 

A5. AC but not DC induces current in a conductor. 

TRANSFORMER CHARACTERISTICS 

Now that you understand the fundamental principles of 
the transfer of energy (voltage and current) from primary 
to secondary, you are ready to learn how transformers are 

rated. 

Basic Transformer Circuit 
Below is a schematic diagram of a basic transformer 

circuit. This circuit demonstrates the principles and char-
acteristics of nearly all transformers. 

If you decide to build the circuit, a bell transformer can 
be purchased in most hardware stores. The circuit contains 
a fuse (note the symbol) to protect the transformer. If the 
secondary of the transformer should accidentally have a 
short placed across it, the short circuit will be reflected 
back into the primary, causing the primary current to in-
crease to a large value. If this happens, the fuse will blow 

instead of the transformer windings burning out. 

The lines between the primary and secondary windings 
indicate an iron core which provides an easier path for the 

magnetic field through the coils. 
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Voltage Ratio 

One of the specifications for rating transformers is stated 
in terms of a voltage ratio. This ratio is a comparison of 
primary voltage to secondary voltage, and is written as: 

Voltage ratio ____  primary voltage  
secondary voltage 

Remember, the primary voltage is on the input side of 
the transformer and secondary voltage on the output side. 

Step-Down Transformers—A step-down transformer is 
one having an input (primary) voltage larger than its out-
put (secondary) voltage. The bell transformer is an exam-
ple of a step-down transformer. Its voltage ratio is 115 to 
16. It can be written as 115/16 or 115:16. 
Step-Up Transformers—The input voltage of a step-up 

transformer is smaller than its output voltage. The trans-
former steps up the primary voltage to a higher value in 
the secondary. The distinction between step-up and step-
down transformers is one of use only. As the following 
diagram shows, the same transformer can be used for either 
purpose. 

Q6. What is the voltage ratio of the step-up transformer 
in the diagram? 

Q7. A (an) ___— ---- in a transformer helps direct 
the magnetic field through the coils. 

Q8. For a given magnetic field, ( more, less) current is 
induced in a straight wire than if it were wound into 
a coil. 

Q9. A DC current does not induce current in a coil 
because its magnetic field is ( moving, stationary). 

Q10. Induced current flows in the (primary, secondary). 
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Your Answers Should Be: 

A6. The voltage ratio of the step-up transformer is 
16/115 (or 16:115). 

A7. An iron core in a transformer helps direct the 
magnetic field through the coils. 

A8. For a given magnetic field, less current is induced 
in a straight wire than if wound into a coil. 

A9. A DC current does not induce current in a coil 
because its magnetic field is stationary. 

A10. Induced current flows in the secondary. 

Turns Ratio 

Since transformers must have a variety of different volt-
age ratios, what is there about transformer action that per-
mits this to occur? Look at Answer 8 above and then 
answer the question. If one coil turn ( loop) will induce a 
certain voltage, two turns will develop twice as much, and 
100 turns 100 times as much. 
Therefore, the voltage ratio between the primary and 

secondary windings depends on the turns ratio between the 
two windings. The diagram below shows an example. 

VOLTAGE RATIO IS PROPORTIONAL TO TURNS RATIO 

(A) 10 VOLTS'l VOLT (B)10 VOLTS/5 VOLTS 

Parts A and B both have 1,000 primary turns each. (This 
is an example only—a transformer might have many more.) 
The secondary winding of the transformer in Part A has 
100 turns. The turns ratio is therefore 1000/100, or 10/1. 
If ten volts were placed across the primary, the turns ratio 
would produce 1 volt in the secondary. If 20 volts were 
applied to the primary (providing the wire could handle the 
increased current), the output would be 2 volts, etc. 

In Part B, a turns ratio of 1000/500 (or 2/1) permits a 
voltage ratio of 10/5. If the primary voltage were reduced 
to 5 volts, there would be 2.5 volts on the secondary. 
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If current is doubled in the primary, the magnetic field 
strength will also double. Twice as many lines of force will 
cut the secondary and induce twice as much current. Sec-
ondary voltage will also be doubled. 
But would the proportions of the voltage ratio be changed ? 

No. To double the primary current, the primary voltage 
must be doubled. The voltage ratio would be increased in 
number but remain the same in proportion. 
The reason voltage ratios are given in voltage figures 

instead of reduced fractions is to advise the user what the 
correct input voltage should be. Wire size of the windings 
is selected for the amount of current that will flow at that 
voltage. If voltage is increased beyond the rated figure, the 
increased current may burn the winding. 
While the voltage ratio is usually given in voltage figures, 

the turns ratio is reduced to its lowest terms. For example, 
a turns ratio of 25,000/10,000 would be expressed as 5/2. 

Pown numsFaieen 

115V 

The diagram above shows a power transformer similar to 
those used in some radio receivers. It has three secondary 
windings—S1, S.., and S3. Disregard the center tap on SI. 

Q11. The voltage ratio of the primary to S1 is 

Q12. The turns ratio of the primary to S3 is 

Q13. The transformer (does, does not) have an iron 
core. 

Q14. The symbol designated by F1 is a(an) 

Q15. Would S1 increase to 1,400 volts if the primary 
were connected to a 230-volt source? 
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Your Answers Should Be: 

All. The voltage ratio of the primary to S, is 115/700. 

Al2. The turns ratio of the primary to S3 is 23/1. 

A13. The transformer does have an iron core. 

A14. The symbol designated by F, is a fuse. 

A15. Si would probably not increase to 1,400 volts. 
(Doubling the current in the primary would 
undoubtedly blow Fi, so there would be no voltage 
on either side of the transformer.) 

Frequency Rating 

Another transformer rating is the AC frequency for 
which the transformer is designed. Frequency, as you re-
call, is measured in cycles per second. DC has zero fre-
quency because its voltage does not vary. AC voltage varies 
because its value rises and falls during its positive half 
cycle followed by a similar rise and fall in the negative 
direction. The frequency of the voltage is the number of 
times a complete cycle repeats in a second. 
Transformers are designed to operate at one specific fre-

quency. Wire, insulation, and core material are selected to 
operate efficiently at the number of times the voltage (cur-
rent) values rise and fall and change direction. 

Reactance—You are aware that the atomic structure of a 
resistor or wire offers a resistance to the flow of electrons 
(current). Electrons find it twice as difficult to flow through 
a 2,000-ohm resistor as through one of 1,000 ohms. 
Constantly changing AC current encounters a similar 

reaction when flowing in a coil. Expanding and contracting 
lines of force cut through the primary coil (the conductor 
in which they were developed) as well as the secondary 
winding. 

As the illustration on the next page shows, the magnetic 
field induces a current in its own coil that tends to oppose 
the coil current. These two currents react against each 
other. This characteristic is called inductive reactance. It 
opposes or limits the flow of AC just as resistance limits 
AC or DC in a resistor. 
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For purposes or simplicity, only one segment of the total 
force lines is shown in the diagram. Keep in mind that the 
magnetic field actually surrounds the conductor at every 
point along its length. 

MAGNETIC LINES CUTTING AN ADJACENT TURN 

Reactance is directly related to frequency. The amount of 
reactance in a coil is determined by the frequency of the 
current and by the number of turns of wire in the coil. The 
greater the number of times the magnetic field changes 
direction in a second, the more times adjacent turns will 
be cut, and the greater will be the opposing current. 

Coils and transformers are designed to operate at the 
reactance established by the designated frequency. For 
example, a coil may have a reactance of 30 ohms to a cur-
rent whose frequency is 60 cycles per second. If the coil 
is connected to a 600-cycle source, its reactance will increase 
to 300 ohms. Since reactance is an opposition to AC, the 
current through the coil will be less with the 600-cycle 
source than with the 60-cycle source. 

Suppose a 400-cycle transformer is connected to a 60-cycle 
115-volt wall outlet. What will happen to the transformer? 
The reactance will be reduced by almost one fourth and 
almost four times as much current will flow. The excess 
current will probably burn the winding. Remember to check 
the frequency rating before connecting a transformer to 
a voltage source. 

Q16. A full AC cycle contains and 
 half cycles. 

Q17. Transformers are designed to operate at one spe-
cific   

Q18. A transformer is designed to operate at 60 cycles 
per second. What will happen if it is connected to 
a DC source? 
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Your Answers Should Be: 

A16. A full AC cycle contains positive and negative 
half cycles. 

A17. Transformers are designed to operate at one spe-
cific frequency. 

A18. A transformer designed for 60 cycles per second 
and connected to DC will have its winding burned. 
DC has a frequency of zero cycles per second 
and therefore a reactance of zero ohms. The only 
limit to the flow of current would be the low 
resistance of the wire. 

WHAT YOU HAVE LEARNED 

1. Transformers are electrical devices which convert AC 
voltage and current from one value to another. 

2. Transformers contain at least one primary and one 

secondary winding. The windings are coils and are 
sometimes wound on iron cores. 

3. Current flowing in a conductor develops a magnetic 
field about the conductor. Magnetic lines of force cut-
ting through a conductor cause current to flow. 

4. Transformers can be designed for AC but not for DC. 

5. Transformer action is a transfer of energy. AC in the 
primary generates a magnetic field which induces cur-
rent in the secondary. 

6. Transformers are rated as follows: 

a. Voltage ratio. The voltage ratio specifies the number 
of volts transferred between the two windings. The 
transformer can be used as either a step-up or a 
step-down unit, depending on which winding is used 
as the input. 

b. Turns ratio. A ratio of primary turns to secondary 
turns. 

c. Frequency. Because of AC reactance, transformers 
are designed for use at a specific frequency. Use at 
any other frequency may damage the windings. 
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10 

Understanding 
Capacitors 

A capacitor is another 

What You very basic but highly 
useful circuit component. 

Will Learn Since it can regulate cur-
rent, as do resistors and 

coils, the capacitor is used for this purpose in most elec-
tronic and many electrical circuits. Upon completing 
this chapter, you will understand what capacitors are, 
how they are used and connected in circuits. 

WHAT IS A CAPACITOR? 

A capacitor has the ability to store electrical energy. 
Because it can do this, it is able to control the amount and 
the manner in which current will flow in a circuit. 
Most electronic circuits consist of a combination of only 

three components—resistors, inductors, and capacitors. Each 
reacts in a different way to AC and DC voltage and current. 
A resistor, as you recall, controls electricity by limiting 

the flow of current. This reaction is called resistance. It 
affects the flow of either AC or DC current. 
An inductor controls electricity by regulating the flow of 

AC current. The magnetic field in an inductor cuts its own 
coils, developing a voltage that opposes a change in current. 
This is called inductance. 
A capacitor controls electricity by also regulating the flow 

of AC current. It stores an electrical charge which opposes 
any change in current. This property is called capacitance. 
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HOW DOES A CAPACITOR WORK? 

A capacitor, sometimes called a condenser, is manufac-
tured in several shapes and sizes. A number of capacitors 
are shown below. You may recognize a few. 

cepdevrege 

MI CA 

CERAMIC. 

DISC 

PAPER, 
TUBULAR 

PAPER, 

"BATH TUB" 

CERAM' C. 
ADJUSTABLE 

ELECTROLYTIC. "CAN" 

ELECTROLYTIC, 

TUBULAR 

VARIABLE 

(METAL) 

Several of each kind of capacitor are probably in your 
home. They can be found in radios, television receivers, 
intercoms, audio systems, and other electronic equipment. 
A capacitor is used with some electrical motors and even 
in the ignition systems of automobiles. 

198 



Basic Construction 

Every capacitor is constructed in the same basic manner. 
An insulating material, called a dielectric, is sandwiched 
between two conductors (usually a pair of metal plates). A 
wire is connected to each plate to form the leads or ter-
minals of the capacitor. Details are shown below. 

BASIC CAPACITOR CONSTRUCTION 

METAL PLATES 
(CONDUCTORS) 

WIRE LEAD 

DIELECTRIC ( INSULATOR) 

WIRE LEAD 

This bash principle is elaborated upon to produce the 
shapes shown on the opposite page. For example, the plates 
of the variable capacitor are curved and exposed. Since air 
is an insulator, it forms the dielectric. 
The tubular capacitor, as shown below, uses lengths of 

metal foil as the plates, which are separated by strips of 
treated paper to form a dielectric. Wire leads are connected 
to the exposed ends of the foil and the assembly is rolled 
into a tight spiral and placed in a case. 

1.118111AR CAPACITOR 

FOIL 

----------- INSULATOR 
FOIL (DIELECTRIC) 

Ql. The opposition to current flowing through the 
atomic structure of material is called 

Q2. The reaction of a changing magnetic field to cur-
rent is called  

Q3. The reaction of a stored electrical charge to current 
is called  . 
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Your Answers Should Be: 

Al. The opposition to current flowing through the 

atomic structure of material is called resistance. 

A2. The reaction of a changing magnetic field to cur-
rent is called inductance. 

A3. The reaction of a stored electrical charge to cur-
rent is called capacitance. 

Electrical Principle 

The structure of a capacitor obeys the fundamental prin-
ciples of voltage and current as applied to conductors and 
insulators. Assume, as shown in the following diagram, 
that the plates of a capacitor are connected to a battery 
through a switch. An edge view of the plates is illustrated. 

0 VOLTS 

The open switch prevents the battery voltage from being 
applied across the capacitor. A voltmeter will show a zero 
voltage between the plates. This is normal, since all matter 
tends to seek a natural balance when no forces are applied. 
Suppose the switch is now closed. A first thought might 

be that no current would flow. Current does not flow 
through an insulator, and the dielectric is an insulator. 
Current in the circuit will flow, however. 

rECUORRENT  
10V ELECTROSTATI 

FIELD 

CURRENT ffla.mitJ 

10 VOLTS 

Current will flow until a charge (voltage) of ten volts 
appears across the plates. The plates are conductors and 
therefore have electrons free to flow as current. Electrons 
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have a negative charge. They are repelled (caused to 
move) by the negative pole of the battery and attracted by 
the positive pole. The positive terminal pulls electrons away 
from the bottom plate of the capacitor and the negative 
terminal forces them to accumulate on the top plate. 
A deficiency of electrons results in a positive potential 

(voltage) on the bottom plate and an excess of electrons 
makes the upper plate negative. Current flows, rapidly at 
first, but more slowly as the voltage across the capacitor 
builds up to the same potential as the battery. When cur-
rent ceases to flow, 10 volts will be across the capacitor. 
A field of force, equal to ten volts, now exists between 

the two plates. This field is called an electrostatic force 
and has a direction as shown by the arrows—from negative 
to positive. The excess electrons are attracted to the posi-
tive plate (whence they came). It is this attraction that 
develops the force. Suppose the switch is now opened. Will 
the electrostatic force of 10 volts disappear? 

10 VOLTS 

-.:-- 
ELECTROSTATIC}11111111111111 

10V  
FIELD 

++++++++++ ++++++++++ 

The voltage across the capacitor is still 10 volts, just as 
it was before the switch was opened. The excess electrons 
remain where they are because there is no path for them 
to return to the positive plate (assuming the voltmeter has 
no internal resistance through which electrons can travel). 

Q4. Electrons leave the capacitor plate connected to the 
 battery terminal. 

Q5. Electrons are repelled by a   voltage. 

Q6. The plate that has a(an) (excess, deficiency) of 
electrons has a negative charge. 

Q7. A (an)   force is set up be-
tween the plates of a charged capacitor. 

Q8. The insulating material through which the force 
lines extend is called a(an)   
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Your Answers Should Be: 

A4. Electrons leave the capacitor plate connected to the 
positive battery terminal. 

A5. Electrons are repelled by a negative voltage. 

A6. The plate that has an excess of electrons has a 
negative charge. 

A7. An electrostatic force is set up between the plates 
of a charged capacitor. 

A8. The insulating material through which the force 
lines extend is called a dielectric. 

Capacitor Charge and Discharge 

"Charging" is the term used when a capacitor is acquir-
ing a potential. In the example on the preceding page, the 
capacitor was charged to 10 volts. 

Some capacitors can be charged to extremely high volt-
ages and will retain this charge for long periods. The capac-
itor in the high-voltage section of a TV receiver builds up 
to ten thousand volts or more. So be careful when working 
around capacitors. A capacitor can be discharged either 
through normal operation of a circuit or by shorting the 
capacitor leads. 

 „v. (-CURRENT .•1 

*.  I 10V CONDUCTOR-. = 

¼... CURRENT..." 

0 VOLTS 

When the capacitor discharges, the excess electrons 
return to the positive plate, the difference in potential (volt-
age) between the two plates becomes zero, and the electro-
static force disappears. As a matter of fact, the voltmeter 
constitutes a circuit between the plates of the capacitor, 
thus forming a path for the electrons to return to the posi-
tive plate. The high resistance of the meter, however, limits 
the current, resulting in a long discharge time. This can be 
seen by watching the meter pointer. 
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Effect on DC Current—As you have seen, a capacitor 
blocks the passage of DC current. Current flows only long 
enough to build up a charge equal to the source potential. 

Effect on AC Current—You will often hear or read that 
AC flows through a capacitor. This is not true. As long as 
the dielectric retains its insulating quality (the applied 
voltage does not become great enough to puncture a path 
through the dielectric) very few electrons will pass through. 
With AC voltage applied, electrons accumulate first on 

one plate and then the other, as the voltage changes polar-
ity. But this electron current does not change in phase ( in 
step) with the voltage. The diagram shows the schematic 
symbol and letter designation for a capacitor, and a graph 
of the current and voltage relationships. 

Voltage and Current in a Capacitor 

o(11 
LJT 

At time zero, the applied voltage starts to go positive. At 
that instant, current flow from one capacitor plate to the 
other is maximum. As the source voltage increases, 1 
decreases because the charge on the capacitor is getting 
closer and closer to the applied E. When E reaches maxi-

mum positive (at time 1), the capacitor is charged to the 
same value. Current is zero. When source E decreases 
toward zero volts, capacitor E is greater and causes current 
to flow in the opposite direction. At zero source volts, cur-
rent has become maximum negative (time 3). The differ-
ence and equality of the source voltage and the capacitor 
charge continue in the same time sequence for the next 
half cycle. As the graph shows, current is always a quarter 
of a cycle ahead of the source voltage. 

Q9. Current leads AC voltage by a(an)   
cycle in a capacitor circuit. 
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Your Answer Should Be: 

A9. Current leads AC voltage by a quarter cycle in a 
capacitor circuit. 

CAPACITOR CHARACTERISTICS 

Before circuits are shown that prove the effects of a 
capacitor on AC and DC current, you must learn a little 
more about capacitor characteristics. 

Units of Measurement 

A capacitor is measured in terms of its capacitance, which 
is a definition of how many excess electrons it can store 
on one plate to develop a specific charge. A farad is the 
unit of capacitance just as ohm is the unit of resistance. 
However, when a farad was first defined it was too large 

a unit for any practical purpose. Capacitors are either 
measured in microfarads (one-millionth of a farad), abbre-
viated (mu) or mfd, or in micromicrofarads, (one-millionth 
of a millionth of a farad), abbreviated itilf or mmf. 

FACTORS AFFECTING CAPACITANCÉ 

AREA OF THE PLATES 

DISTANCE 
BETWEEN 

THE PLATES 

D I ELECTR I C CON STANT 

Capacitance (farads) is determined by three factors: 

1. Area of the plates. Larger area, greater capacitance. 

2. Distance between the plates. The closer the plates, the 
greater the capacitance. 

3. Dielectric constant (type of material). A higher con-
stant, a larger capacitance. The constant for air is 
given as 1. Paraffin paper is 3.5; mica, 6; flint glass, 
9.9. For example, a mica capacitor would have 6 times 
as much capacitance as a capacitor with air as a dielec-
tric, all other things being equal. 
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Voltage Rating 

If the voltage applied across a capacitor is too large, the 
dielectric fails to maintain its insulating qualities. It breaks 
down under the stress of the electrostatic force and allows 
current to flow from one plate to the other. 
Capacitors are given a working-voltage rating. This rat-

ing is the highest voltage that a capacitor can withstand 
without the possibility of creating a short-circuit through 
the dielectric. The type of material and thickness of the 
dielectric determines what the working voltage will be. 

Since the distance between plates is one of the factors 
which determines the capacitance and working voltage, a 
capacitor having both a large capacitance and a high volt-
age rating will also have a large plate area. 
A working-voltage rating pertains to a DC voltage or the 

effective value of AC. The peaks of an AC voltage wave are 
about 1.41 times its effective or working voltage. 115 volts 
DC and 115 volts AC are compared below. 

115V 
DC 

o 

162V 
AC_ _ 

DC VOLTAGE versus AC VOLTAGE 

_ - 115V 

\ AC 

The peaks of 115 volts AC are actually 162 volts. A capac-
itor with a 150-volt rating will work well on 115 volts DC 
but not 115 volts AC. Standard practice is to use a capacitor 
with a working voltage about 50 higher than any voltage 
expected in the circuit. 

Q10. A (thick, thin) dielectric gives more capacitance. 

Q11. A small plate area develops (greater, less) capaci-
tance than a larger area. 

Q12. Glass is a ( better, poorer) insulator than mica. 

Q13. Working voltage is equal to the DC value or to 
the value of AC. 

Q14. A higher working voltage will be possible with a 
(thicker, thinner) dielectric. 
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Your Answers Should Be: 

A10. A thin dielectric gives more capacitance. 

All. A small plate area will develop less capacitance 
than a larger area. 

Al2. Glass is a better insulator than mica. 

A13. Working voltage is equal to the DC value or to 
the effective value of AC. 

A14. A higher working voltage will be possible with a 
thicker dielectric. 

A TIMING CIRCUIT 

A capacitor and a resistor can be placed in a circuit to 
operate as a timing device. If the values of R and C are 
carefully selected, the circuit can determine when an exact 
number of seconds has elapsed. This circuit contains com-
ponents from previous circuits—a 15-volt battery, a 1-
megohm resistor, and two switches, plus a 20-mfd electro-
lytic capacitor (connected as shown). 

15V -Z.— 

A TIMING CIRCUIT 

R I 

S2 1 MEGOHM 

FUSE 

Cl 20 mfd 

The resistor limits the amount of current flow which 
charges C1. The values of R1 and C1 determine the charge 
time. 

If you have constructed the circuit, you can see the build-
up of the capacitor charge (voltage) by watching the volt-
meter. At the instant SI is closed, the meter pointer begins 
to move quickly across the scale. As the capacitor increases 
its charge (in opposition to battery voltage), current starts 
to decrease. The pointer moves slower and slower. Before 
it reaches 15 volts (full charge), its movement is almost 
impossible to see. 
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In an RC (resistance-capacitance) circuit, charge and dis-
charge times are measured in RC seconds. Part A in the 
illustration below shows the rise of voltage across a capac-
itor during charge. 

CAPACITOR CHARGE 

- 15 VOLTS- - - - - - 

63% 

I I I I I 
RC TIME - 0 1 2 3 4 5 

— A — 

RC is a quantity obtained by multiplying R (ohms) by C 
(farads). Any capacitor in an RC circuit ( such as this one) 
charges to 63'7( (actually 63.2% ) of its final value (battery 
voltage) in one RC second. In 5 RC seconds it reaches full 
value. The arithmetic statements are: 

R (ohms) X C (farads) = time(seconds) ; or 

R (megohms) X C (microfarads) = time (seconds) 

Since R is one megohm and C is 20 microfarads in the 
circuit on the opposite page, the capacitor charges to 63 % 
of its full charge in 20 seconds. 63'7( of 15 volts is 9.45 
volts. When the meter pointer reaches this value you know 
that 20 seconds have passed since closing Si. 

If you open S, and close S2, the capacitor discharges at 
the rate shown in Part B (the exact reverse of Part A). 
The capacitor discharges to 37'; of its full charge in one 
RC second, a value of 5.55 volts. The RC time constant, as 
it is called, holds true for any voltage. 

Q15. How long does it take the capacitor in the circuit 
on the opposite page to charge to 15 volts? 

Q16. If R1 were 10 megohms and C1 were 16 micro-
farads, how long would it take C1 to charge to 
9.45 volts? 

Q17. If a 50-volt battery were used, how many seconds 
would it take the capacitor to reach 63% of full 
charge. What would the voltage be at that time? 
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Your Answers Should Be: 

A15. 100 seconds. (If one RC time is 20 seconds, 5 RC 
time constants equal 100 seconds.) 

A16. 160 seconds. (9.45 volts is the 63 ̀A level with a 

15-volt source. 10 (megohms) >< 16 (microfarads) 
is equal to 160 seconds. 

A17. 160 seconds. Regardless of the voltage, it will still 
take one RC time to reach 63', of full charge. 
31.5 volts is the 63 70 level. 

DC BLOCKING 

By alternately manipulating the two switches in the pre-
ceding circuit, you can simulate what the capacitor will do 
if AC voltage is applied. Closing one switch charges ( in-
creasing AC voltage) the capacitor, and closing the other 
switch (and opening the first switch at the same time) 
discharges (decreasing AC) the capacitor. 

Whether DC or AC, current in the circuit did not pass 
through the capacitor. Instead, it flowed back and forth 
through the circuit, collecting first on one plate and then 
on the other. The effect is that of AC being passed through 
the capacitor. This characteristic of a capacitor is used in 
most electronic circuits where it is necessary to control 
alternating current, but yet allow it to flow through the 
circuit. 

Transistors and vacuum tubes operate in electronic cir-
cuits with DC voltage applied to their elements. In nearly 
all such circuits, an AC signal is applied to the input of the 
circuit (to be amplified, for example). The AC must be 
allowed to pass through the amplifier, but the DC voltage 
must not. A capacitor can be used for this purpose—block-
ing DC. The circuit on the next páge demonstrates how 
this is accomplished. 

DC Blocking Circuit 

The circuit which follows uses a 15-volt battery, a 3,000-
ohm resistor, and a 20-mfd electrolytic capacitor. 
How many volts would you expect to read with the meter 

probes connected to points A and C? Fifteen volts, the full 
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battery voltage, is correct. Points A and C are directly con-
nected to the battery. How many volts will appear between 
points B and C? 

DC BLOCKING 

15V 

To develop a voltage across Ri, current must flow through 
it. At the instant the circuit is connected, current flows 
from the lower plate of the capacitor through Ri and the 
battery to the upper plate. In 5 RC times, the capacitor is 
fully charged and current stops flowing. 
Applying the voltmeter across Ri after this time gives a 

reading of zero volts. When current is not flowing through 
a resistor, a voltage drop is not present. 
Applying an AC Signal—Closing SI applies an AC signal 

(voltage and current) across the same load. AC current 
flows back and forth from one plate of the capacitor to the 
other through the signal source. It also develops a voltage 
across Ri that corresponds to the changes of the AC signal. 
Connections from B and C to another circuit would apply 
the changing voltage to the input of the second circuit. 
And no DC would interfere with its proper operation. 

Q18. In the above circuit (without AC applied), how 
long does it take C1 to charge to 63% of 15 volts? 

Q19. The   terminal of an electrolytic 
capacitor must be connected to a negative voltage 
source. 

Q20. After C1 is charged, __ will not flow through R1-
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A18. 0.06 second. RI is 0.003 megohm and when it is 
multiplied by 20 microfarads, one RC time is 0.06 
second, or 60 milliseconds. 

A19. The negative terminal of an electrolytic capacitor 
must be connected to a negative voltage source. 

A20. After CI is charged, DC will not flow through RI. 

WHAT YOU HAVE LEARNED 

1. Capacitance controls the flow of AC current. 

2. Capacitors are used in many electrical and electronic 
circuits. 

3. A capacitor is a pair (or pairs) of plates separated by 
a dielectric. The dielectric, an insulator, does not pass 
current as long as the applied voltage is kept within 
the capacitor rating. 

4. When a capacitor is connected to a voltage source, elec-
trons move from one plate through the circuit and 
accumulate on the other plate. This charges the capaci-
tor electrically and develops an electrostatic field be-
tween the plates. A capacitor discharges when the 
excess electrons on one plate return to the other plate. 

5. DC current is blocked by a capacitor. AC "passes 
through" by alternately charging and discharging the 
capacitor. 

6. The effect of an electrostatic charge on AC is to cause 
current in a circuit to follow the AC wave pattern a 
quarter of a cycle in advance of the voltage. 

7. A capacitor is measured in farads, microfarads (mfd), 
and micromicrofarads (mmf). It has a working-voltage 
rating that should not be exceeded. 

8. Capacitors can be used in a timing circuit where charge 
and discharge time is measured in terms of an RC time 
constant. Another use for a capacitor is to block DC 
from those parts of a circuit where it is not desired. 
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11 

Understanding 
Diodes 

In the early days of elec-
What You tricity, a terminal for an 

electrical device was called 
Will Learn an electrode—a battery 

electrode, for example. 
When a device having two electrically active terminals 
was developed, it was termed a di(two) -ode(electrode). 
A diode is a device through which current passes readily 
in one direction but with great difficulty in the other. In 
this chapter you will learn of the two different families 
of diodes, what they are, how they work, and what use-
ful purposes they serve in a circuit. 

WHAT IS A DIODE? 

A diode is an electrically operated device which has two 
elements (or terminals). If a voltage source is applied to 
these elements in the correct polarity, current flows through 
the diode. However, if the polarity is reversed, very little 
(if any) current passes through. 
There are two general families of diodes—vacuum tube 

and solid state. A vacuum-tube diode is constructed with 
the two elements enclosed in a glass or metal envelope. 
Current flows from one element to the other through a 
vacuum or, in some units, through a special type of gas. 
A solid-state diode contains two dissimilar metals or two 

different types of semiconductor materials. Current flows 
between the junction formed by the metals or materials. 
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HOW DO DIODES WORK? 

Although both types of diodes conduct current in one 
direction only, the electrical principles which permit them 
to do this are different. 

Their appearances are different also. The largest of the 
devices is the vacuum-tube diode; the others shown below 
are representative shapes of the solid-state variety. 

P'/OD'Ef' 

HIGH-CURRENT I 

SELENIUM 

GLASS-ENCASED 

HIGH-FREQUENCY 

Vacuum-Tube Diodes 

The exterior of a vacuum-tube diode 
tube (sometimes metal) fitted 
into an insulated base. The 
interior is a vacuum (to per-
mit ease of a electron flow). 
Suspended in the vacuum are 
two elements, as shown in the 
schematic symbol, called a 
cathode and a plate. A third 
element, a heater, is mounted 
close to the cathode. 
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is usually a glass 

• • • • SCHEMATIC SYMBOL • • • • 

PLATE 

CATHODE 

HEATER 



HEATER VOLTAGE 

Each element is connected to a pin (two are for the 
heater) on the base of the tube. The pins fit into a tube 
socket having terminals to which connections can be readily 
made. 
The Cathode—The cathode is normally a small metal 

cylinder sitting upright in the tube. It is coated with a 
certain type of material which emits electrons when heated. 
A voltage (the amount depends on the tube design) applied 
to the filament wires of the heater raises the temperature 
of the cathode high enough to cause the coating to "boil 
off" a cloud of electrons. The electron cloud surrounds the 
cathode as long as the heater gives off heat. 

ELECTRON FLOW IN A VACUUM-TUBE DIODE 

ELECTRON 
- CURRENT 

ELECTRON 
CLOUD 

The Plate—The plate (sometimes called an anode) is a 
metal cylinder mounted around the cathode. With a bat-
tery connected to the diode as shown in the diagram, current 
flows through the tube. Negative voltage on the cathode 
(symbol K) repels the negative electrons from the cloud 
toward the plate (symbol P). Positive voltage on the plate 
attracts the electrons. Current flows from the plate through 
the external load, through the battery, and back to the tube 
via the cathode. 

If the voltage polarity is reversed, current does not flow. 
A negative plate repels electrons back toward the cloud, and 
a positive cathode attracts them in the same direction. 

Ql. Electrons flow from the to the  
in a vacuum-tube diode. 

Q2. When heated, a(an)  forms 
around the cathode. 
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Al. Electrons flow from the cathode to the plate in a 
vacuum-tube diode. 

A2. When heated, an electron cloud forms around the 
cathode. 

Solid-State Diodes 

In a solid-state diode, current flows through a material 
rather than a vacuum. There are two general types—one is 
a metallic rectifier and the other a semiconductor diode. 

Metallic Rectifiers—These are constructed of two differ-
ent metals tightly pressed together. 

METALLIC RECTIFIERS 

-4- COPP ER 

COPPER 

OX I DE-0-

COPPER OXIDE 

-4-- IRON 

SELEN I UM -0-

SELEN I UM 

A copper-oxide rectifier is made of a thick disc or square 
of copper upon which a thin layer of copper oxide is depos-
ited. As the illustration shows, current flows from the 
copper to the copper oxide if a negative voltage is applied 
to the copper and a positive voltage to the oxide. If the 
polarity of the voltage is reversed, a very small amount of 
current flows in the opposite direction. It is small compared 
to the amount that flows in the normal direction. In other 
words, the rectifier has a very low resistance in the direc-
tion from the copper to the copper oxide and a very high 
resistance in the opposite direction. 
A selenium rectifier has a thick base of iron on which is 

deposited a thin layer of selenium. Current passes very 
easily from the selenium to the iron, but a very high resist-
ance path exists in the opposite direction. 
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Semiconductor Diodes—A semiconductor diode is made of 
the same materials as those used in transistors, usually 
germanium or silicon. The silicon diode is more expensive 
than the germanium diode, but is able to handle a greater 
amount of current. 

During manufacture, a tiny block, identified as P-type, 
is treated in such a way as to have a deficiency of elec-
trons. Another block is identified as N-type, and is treated 
to have an excess of electrons. Such a diode is often called 
a PN junction. 

When joined, a voltage barrier forms at the junction, 
preventing the electrons in the N material from moving 
over to the P material. However, when a voltage is applied 
(as shown in the drawing) the barrier is overcome and 
electrons flow from N to P. The schematic symbol used for 
all solid-state diodes is also shown. 

SEMICONDUCTOR DIODE AND SYMBOL 

/ I 
EXCESS ELECTRON 

ELECTRONS DEFICIENCY 

JUNCTION 

Voltage polarities necessary for current to flow are labeled 
on the symbol. Current flows through the diode toward the 
arrowhead. 

Q3. The arrowhead of a semiconductor symbol corre-
sponds to the  of a vacuum-tube diode. 

Q4. For current to flow in a diode, the cathode must 
have a   voltage with respect to a 
 voltage on the plate. 

Q5. N-type germanium has an (excess, deficiency) of 
electrons. 

Q6. From plate to cathode in a diode is a direction of 
-- — resistance. 

Q7. In one type of metallic rectifier, current flows best 
from to iron. 

Q8. The letter symbol for a cathode is —, and for a 
plate it is _. 
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Your Answers Should Be: 

A3. The arrowhead of a semiconductor schematic sym-
bol corresponds to the plate of a vacuum-tube 
diode. 

A4. For current to flow in a diode, the cathode must 
have a negative voltage with respect to a positive 
voltage on the plate. 

A5. N-type germanium has an excess of electrons. 

A6. From plate to cathode in a diode is a direction of 
high resistance. 

A7. In one type of metallic rectifier, current flows best 
from selenium to iron. 

A8. The letter symbol for a cathode is K, and for a 
plate it is P. 

DIODE REACTION TO AC AND DC 

It can be easily proved that a diode allows current to 
flow in one direction and not in the other by constructing 
the circuit below. A 1.5-volt lamp, an ammeter, and a diode 
are connected in series across a 1.5-volt cell. (Semicon-
ductor diodes are distinguished from each other by a num-
ber-letter designation. The diode recommended for this cir-
cuit is a 1N539.) 

CORRECT DIODE CONNECTION 
aRENT 

With the connections made as shown, current will flow 
and the lamp will light. The ammeter will record very close 
to 200 milliamps. Now reverse the connections of the diode. 
Will the lamp light? No. And, as indicated in the next draw-
ing, the meter pointer will remain on zero. The plate-to-
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cathode resistance of the diode is sufficiently high to prevent 
a flow of current. A small amount may leak through, but 
it is not enough to record on the meter. 

LEADS 
REVERSED 

A vacuum-tube diode is shown in a similar circuit below. 

100V 
VACUUM- TUBE DIODES 

NEED TWO VOLTAGE SOURCES 

:`\1/'•.!., 100V LAMP 
6V 

Current flows. Note that this particular diode requires 
a 6-volt source to heat the filament and 100 volts across the 
cathode and plate. Other vacuum-tube diodes operate with 
higher or lower voltages, but all require two sources. 

Q9. In the last circuit above, current travels through 
the lamp from (left, right) to ( left, right). 

Q10. If the vacuum tube and meter have zero resistances 
and the lamp has a resistance of 150 ohms, how 
much current will flow? 

Q11. If the 6-volt battery is disconnected, how much cur-
rent will flow? 

Q12. How much current will flow if the 100-volt battery 
leads are reversed? 

Q13. With the leads reversed, how much voltage will 
exist between K and P of the diode? 

Q14. The plate of a semiconductor diode is designated by 
the ( bar, arrowhead) symbol. 
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Your Answers Should Be: 

A9. Current travels through the lamp from left to 
right. 

A10. 0.67 amp. (Because there is zero resistance in the 
rest of the circuit, 100 volts is applied across the 
150-ohm lamp resistance.) 

All. Zero current. (Without heat the cathode does not 
emit electrons.) 

Al2. Zero current. (A negative plate repels and a 
positive cathode attracts electrons.) 

A13. 100 volts. (Although current is not flowing, the 
battery is still connected to the tube.) 

A14. The plate of a semiconductor diode is designated 
by the arrowhead symbol. 

RECTIFYING AC 

To rectify means to convert AC to DC. A rectifier is a 
device that accomplishes this, and a rectifying circuit is one 
in which it is done. A diode is a rectifier. 
You know that an alternating voltage increases and 

decreases in positive voltage during a half cycle and in the 
next half cycle makes the same changes in negative voltage. 

AN ALTERNATING VOLTAGE — 
ONE CYCLE ONE CYCLE ONE CYCLE 

+15V 

+10V-- POSITIVE ¡ 

+5V— HALF 
CYCLES I 

-5V NEGATIVE 

-10V HALF 

-15V CYCLES 

TIME IN SECONDS 
o 

As long as the voltage is generated, the positive and nega-
tive half cycles repeat themselves alternately. 

Diode Reaction to AC 

How does current flow in a diode circuit with AC voltage 
applied? Remember, current flows in one direction through 
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a diode only when the plate is more positive than the cathode. 

DIODE REACTION TO AC 

AC VOLTAGE 

SOURCE 

AC VOLTAGE 

SOURCE 

POSITIVE 
HALF-CYCLE 

-  P K 
LOAD 

RESI STOR 

CURRENT 

NEGATIVE 
HALF-CYCLE 

P K 

LOAD 
RESISTOR 

OUTPUT VOLTAGE 

NO CURRENT NO VOLTAGE 

During a positive half cycle, the upper terminal of the 
source is positive with respect to the lower terminal. This 
means the lower terminal may be at zero volts, but it is 
negative when compared to the positive upper terminal. 
Therefore, the plate of the diode is positive with respect to 
the cathode. A changing half cycle of current flows. 

If a device called an oscilloscope is connected across the 
load resistor, an exact picture of the changing voltage drop 
will be shown. This changing voltage will look exactly like 
the waveform at the voltage source. 
During the next half cycle, the upper terminal voltage 

becomes negative with respect to the lower, and the diode 
plate is negative with respect to the cathode. As you know, 
current will not flow under these conditions. Since the diode 
presents a very high resistance in the circuit, all of the 
source voltage will be dropped across it. No voltage will be 
displayed across the load resistor. 

Q15. As the circuit is connected above, only the 
  half cycles of the AC voltage will 
appear across the load resistor. 

Q16. A rectifier converts — — to 

Q17. Draw a diagram showing the waveforms that will 
appear across R in the above circuit. 

219 



Your Answers Should Be: 

A15. As the circuit is connected, only the positive half 
cycles of the AC voltage will appear across the 
load resistor. 

A16. A rectifier converts AC to DC. 

A17. 

A DC POWER SUPPLY 

Most electronic equipment requires two or more values of 
DC voltage to operate its circuits. Since alternating current 
is the normal supply, a power-supply circuit is used to pro-
vide the required DC voltages. Either a solid-state or a 
vacuum-tube diode is used for the initial conversion. 

Filter Circuit 

Your diagram shows the output voltage obtained from the 
diode circuit is DC—current flows in only one direction— 
but it is not a smooth, nonvarying DC. In fact, it is called 
a pulsating DC. The waveform is a series of pulses. 

Filtering Action—The peaks and valleys of the pulsating 
waveform can be smoothed out by a filter circuit. A capaci-
tor can be used to filter (smooth) out some of the changes. 

k 

CHARGING § 

ea&CjitiMffe -

FILTER CIRCUIT 

As the source voltage rises to maximum positive, current 
flows through RI and the diode. Some of the current also 
charges the capacitor to the value of the source voltage. 
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At the instant the applied voltage begins to decrease, C, 
starts discharging, trying to maintain the same voltage 
level. The discharge path of CI, however is through RI. The 
current from C, cannot flow backward through the diode. 
Since resistance regulates the time of discharge (5RC time 
constants to discharge completely), the discharge time is 
slow. As shown in the diagram below, the output waveform 
does not follow the descending curve of the input. It 
decreases at a much slower rate. 

P K 

Cl 

NO CURRENT DI SCHARGE 

During the negative input half cycle, the diode does not 
allow current to flow, but the capacitor continues to dis-
charge. The discharge current decreases as the capacitor 
charge grows less. On the next positive swing, the diode 
does not conduct current until after the input voltage has 
increased to an amount equal to the charge on C, at that 
instant. The plate must be more positive than the cathode 
for the diode to conduct. The sequence continues. The 
resulting output waveshape ( in solid lines) is shown below. 
Such an output is called DC ripple voltage. 

% % g N g 
% g t 
% g t g 

Q18. The pulse-like waveform developed by a diode cir-
cuit is called  

Q19. The changing voltage pattern made by these pulses 
can be smoothed out by a  circuit. 

Q20. The filter capacitor begins to   as 
soon as the positive voltage input begins to 
decrease. 

Q21. The filtered output is called a   
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Your Answers Should Be: 

A18. The pulse-like waveform developed by a diode 
circuit is called pulsating DC. 

A19. The changing voltage pattern made by these 
pulses can be smoothed out by a filter circuit. 

A20. The filter capacitor begins to discharge as soon 
as the positive voltage input begins to decrease. 

A21. The filtered output is called a DC ripple. 

Full-Wave Power Supply 

The preceding circuit is a half-wave rectifier. It allows 
only half the AC wave (positive half cycles) to appear 
across the load resistor. Full-wave (both positive and nega-
tive half cycles) rectification can be obtained with the 
switching action of the diodes in the circuit below. 

FULL-WAVE 

RECTIFIER 

On the positive half cycle, current leaves the lower ter-
minal of the AC voltage source and enters terminal 3 of 
the 4-diode network (called a bridge). The bridge is posi-
tive to negative from top to bottom because of the source 
polarity. Diode B has a negative cathode and a positive 
plate, but diode D has reverse polarity across it. Current 
must therefore flow through diode B to terminal 2. This 
current charges Ci and flows through Ri to terminal 4. 
Because of polarities, this current must flow through diode 
C. Diodes D and A are of the wrong polarity. 
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CI charges as the voltage increases and discharges dur-
ing the voltage decrease, just as in the half-wave circuit. 

NEGATIVE 

HALF CYCLE 

FULL- WAVE RECTIFIER 

cl1+4  

dom% 

1141ARGE 

During the negative half cycle, the polarities of the volt-
ages on the four diodes are reversed. Current leaving the 
upper end of the source arrives at terminal 1. The voltage on 
diode C is of the wrong polarity, but diode A will conduct. 
Current leaves terminal 2, and then follows the same path 
as the positive half-cycle current. Ci has just begun to 
discharge; the rising current restores the charge to full 
voltage. The remainder of the current flows through Ri in 
the same direction as the positive half-cycle current did. 
At terminal 4, only diode D has the correct voltage polarity 
to conduct. Current flows through diode D to terminal 3 and 
the AC sources. 

RILL- WAVE RIPPLE VOLTAGE 
• 

\ t/ 

POS. NEC. V \I NEC. POS V NEC. ti 

Q22. A(an) —_—_ rectifier provides better fil-
tering action than a ( full-wave, half-wave). 

Q23. In the diagram at the top of this page, current at 

terminal 1 will not flow through diode C because 
current will not pass from to 

• 
Q24. Current at terminal 4 will not go through diode C 

because its cathode is  and its plate 
is  
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Your Answers Should Be: 

A22. A full-wave rectifier provides better filtering than 
a half-wave. 

A23. Current at terminal 1 will not pass through diode 
C because current will not pass from plate to 
cathode. 

A24. Current at terminal 4 will not go through diode 
C because its cathode is positive and its plate is 
negative. 

Improving the Power Supply 

The DC ripple remaining on the full-wave rectifier output 
may be satisfactory DC voltage for some equipment but not 
for others. The output can be made still smoother by 
improving the filtering action. 

A CAPACITOR-RESISTOR-CAPACITOR FILTER 

R 2 

O . * ak 

ei 
I t..4; 

By adding another capacitor in parallel with the load 
resistor and another current-limiting resistor in series with 

the discharge path, the filter network can reduce more of 
the ripple. 
Both capacitors are charged and recharged by the posi-

tive and negative currents switched into the filter by the 
bridge. Both capacitors discharge together through R1 as 
CI did previously. R2 aids by limiting the flow of current 
through the filter. 
Further improvement to the filtering action can be made 

by replacing R. with an iron-core coil. Such a coil is wound 
on a bar of iron. The reaction of a coil ( inductor) to AC is, 
as you recall, one of resisting changes in current. Magnetic 
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fields, reinforced by the iron core, smooth out the ripple by 
preventing the changes from occurring. 

Load Resistors 

Some electronic equipment requires two or more values of 
DC voltage for proper operation. These voltages can be 
selected from the load resistor. 

THE LOAD RESISTOR CAN SUPPLY DIFFERENT VOLTAGES 
\   

TO REST OF 
CIRCUIT 

+200V 

+100V 

+50V 

COMMON 

Suppose that the DC requirements of the rest of the 
equipment were +200, + 100, and +50 volts. A power sup-
ply can be selected or designed to produce a current large 
enough to cause a drop of at least 175 volts across RI. 
Either three series resistors of the correct values, or a 

bleeder resistor capable of being tapped at the desired 
values, can be used. The drawing above shows a bleeder 
resistor symbol. 

By making connections to terminals A and Common, 200 
volts will be available (for the plate of a vacuum tube, for 
example). To obtain 100 volts, the bleeder is tapped at the 
halfway point to obtain half the total voltage. For 50 volts, 
the resistance is tapped halfway between the 100-volt point 
and the common terminal. 

Q25. A capacitor opposes changes in voltage by storing 
a on its plates. 

Q26. A coil opposes a change in current by developing 
a changing  

Q27. Assume in the above figure that the bleeder must 
be replaced with three separate resistors. If you 
know that 0.1 amp flows through the bleeder to 
produce a total of 200 volts, what is the value of 
RI, R2, and R3? 
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Your Answers Should Be: 

A25. A capacitor opposes changes in voltage by storing 
a charge on its plates. 

A26. A coil opposes a change in current by developing 
a changing magnetic field. 

A27. Ri = 1,000 ohms; R. = 500 ohms; R3 = 500 ohms. 
If 0.1 amp developed 200 volts across the total 
resistance, the bleeder would have to be 2,000 
ohms. (R = E/I). There would have to be 1,000 
ohms on either side of the 100-volt tap, B. And 
the two resistors from B to Common must be 500 
ohms each. 

WHAT YOU HAVE LEARNED 

1. Diodes are constructed in the form of vacuum-tube or 
solid-state devices. 

2. All vacuum-tube diodes have a cathode and plate. The 
plate must be positive with respect to the cathode to 
permit current flow. Current will not flow in the reverse 
direction (plate to cathode) regardless of the polarity. 

3. The plate and cathode in a vacuum-tube diode are 
housed in a vacuum. Heating the cathode causes it to 
emit electrons. 

4. Solid-state diodes (metallic rectifiers and semicon-
ductors) allow current to flow in one direction under 
conditions of proper polarity because of the materials 
from which they are made. 

5. A diode converts AC to DC because it forms a one-way 
street for current. A circuit that does this is called a 
rectifier. 

6. Output from a rectifier is pulsating DC. To smooth out 
the pulsations, a full-wave rectifier can be used. By 
adding a filter circuit—capacitors and resistors, or 
capacitors and a coil—the ripple can be made relatively 
smooth. 

7. The smooth DC voltage can be taken from the power 
supply in desired values by tapping a bleeder resistor. 
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12 

How Vacuum_ 
Tubes Work 

You are now going to 
What You learn the basic principles 

about a device you have 
Will Learn seen before—a vacuum 

tube. One member of the 
vacuum-tube family is a diode. The vacuum-tube group 
has several other members, many of which amplify and 
reshape the signals passing through your radio and tele-
vision receivers. You will become familiar with the 
other types of tubes, learn how they work, and become 
acquainted with how some of them are used in circuits. 

WHAT ARE VACUUM TUBES? 

You should know at least part of the answer to this 
question. If a diode has two active elements (cathode and 
plate) suspended in an evacuated (vacuum) enclosure 
(tube), then all other vacuum tubes probably have the same 
number of elements or more. 
That is exactly the situation. A triode is a vacuum tube 

with three active elements. A tetrode has four, and a pen-
tode has five_ There are other tubes with more elements, 
and still others with special elements. However, they all 
obey the same principles that will be discussed here. 
Each vacuum tube has a filament to heat the cathode. 

Although the filament itself is not considered an active 
element, it performs a necessary function—it produces the 
heat to boil a cloud of electrons away from the cathode. 
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HOW DOES A VACUUM TUBE WORK? 

As you learned in the study of a diode, the cathode emits 
electrons and the plate receives electrons. Have you won-
dered how a diode is constructed to perform these functions ? 

Vacuum-Tube Fundamentals 

Although the heaters, cathodes, and plates of the various 
kinds of vacuum tubes may be built to slightly different 
dimensions and shapes, the operating principles of all 
vacuum tubes are the same. The tube elements are placed 
in a vacuum to .eliminate any air molecules that would 
retard the free flow of electrons to the plate. 
Heater and Cathode—The heater (filament) is a fine wire 

which, when energized, raises the temperature of the cath-
ode to the desired emitting level. Heater-cathode combina-
tions are of two types. 

TYPES OF CATHODES 

Part A shows a filament-cathode. The single wire serves 
as both the filament and cathode; it is made of a material 
(normally coated or uncoated tungsten) that emits electrons 
when hot. 
Part B shows a heater-cathode combination in which there 

are two separate elements. The cathode, coated with an 
electron-active substance, fits like a sleeve over the filament. 
The filament-cathode requires less current to heat it to 

an electron-emitting temperature. This type of cathode 
works best when connected to a DC voltage source. If 
energized by AC, tube current would vary with the AC 
alternations. But because AC current is more easily sup-
plied, most of the tubes used in electronic equipment are of 
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the heater-cathode type. The heater and the cathode are 
electrically insulated from each other so that the alternating 
current flowing through the heater does not affect the tube 
current. 
Plate—The plate is usually a metal cylinder surrounding 

the cathode. Construction details and the accepted diode 
tube symbol are shown below. 

DIODE CONSTRUCTION AND SYMBOL 

Cathode Temperature—The number of electrons that form 
in a cloud around the cathode depends on the cathode tem-
perature. The temperature of the cathode is controlled by 
the heat generated by the filament. There is an upper 
limit, however, beyond which a further increase in tempera-
ture will not cause an increase in electron emission. This is 
called cathode-temperature saturation. 

Plate Voltage—The plate attracts electrons from the elec-
tron cloud when the plate voltage is positive with respect 
to the cathode. By raising and lowering the plate voltage, a 
greater or fewer number of electrons will be drawn from 
the cathode. This increases or decreases the value of plate 
current (tube current). The upper limitation, where a fur-
ther increase in plate voltage will not attract any additional 
electrons, is called plate-current saturation. 

Ql. A cathode emits  

Q2. Plate current flows when the plate is 

Q3. Plate current can be increased by increasing the 
 on the  
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Your Answers Should Be: 

Al. A cathode emits electrons. 

A2. Plate current flows when the plate is positive. 

A3. Plate current can be increased by increasing the 
voltage on the plate. 

The Triode 

If a diode has two active elements, it is logical that a 
triode must have three. The cathode and plate are similar 
to those in the diode. The third element is a control grid. 
Construction—The elements in a triode are supported in 

the same manner as they are in a diode. The control grid 
is a spiral of fine wire positioned between the plate and 
cathode. It is much closer to the cathode than to the plate. 

Triode Construction and Symbol 

Operation—Plate current in a diode is determined by 
cathode temperature and plate voltage. In a triode, the 
voltage of the grid with respect to the cathode also controls 
the amount of plate current. 
Because of its nearness to the cathode, the grid has 

greater control over the number of electrons reaching the 
plate than the plate does itself. Large changes in plate 
voltage cause only small changes in plate current. But small 
changes in grid voltage cause large changes in cathode-to-
plate current. 

In fact, if the grid is made sufficiently negative with 
respect to the cathode, the flow of current will be stopped 
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or cut off. The lowest voltage at which this occurs is called 
the cutoff bias. Bias voltage is the normal voltage differ-
ence between cathode and control grid. The grid is usually 
more negative than the cathode. 
A Triode Circuit—Below is a circuit which shows how a 

triode functions. 

A TRIODE AMPLIFIER 

(LOAD) 

Battery EB is connected in such a way that the plate is 
positive with respect to the cathode. In an actual circuit 
the positive voltage for the plate is normally obtained from 
a power supply. Battery E,. places a negative voltage on the 
grid with respect to the cathode. A resistor takes the place 
of this battery in an actual circuit. 
When the grid voltage is sufficiently negative to cut off 

the plate current, no current will flow through the load 
resistance. If made less negative, the grid will allow some 
current to flow and a voltage will be developed across R 
(load). If made even less negative, more plate current will 
flow and a greater voltage will be dropped across the resistor. 
Assume that the change in grid voltage in the last two 

steps is 2 volts (from —6 to —4). Also assume that the 
change in the plate-resistor voltage is a total of 60 volts. 
This means that the grid-voltage change has been amplified 
30 times (60/2). An AC signal on the grid would cause the 
same amount of amplification. This is how a triode amplifies. 

Q4. The control grid is mounted closer to the (cathode, 
plate) than to the  . 

Q5. The voltage on the control grid that stops plate 
current is called   bias. 

Q6. A triode amplifies because changes in grid 
voltage cause changes in plate voltage. 
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A4. The control grid is mounted closer to the cathode 
than to the plate. 

A5. The voltage on the control grid that stops plate 
current is called cutoff bias. 

A6. A triode amplifies because small changes in grid 
voltage cause large changes in plate voltage. 

Multielement Tubes 

Tubes having more than three elements are called multi-
element tubes. The most common types in this group are 
the tetrodes (4 elements) and pentodes (5 elements). 
Tetrodes—Triodes are very good amplifiers of low-fre-

quency signals. At high frequencies, however, such as those 
used in radio and television, a triode distorts (changes the 
form of) a signal during amplification. The distortion is 
caused by the capacitance that exists between the plate 
and grid. Since these two elements are conductors separated 
by an insulator (vacuum), a capacitor is formed. Capaci-
tance also exists between the other elements, but has less 
effect on the signal. 

A TETRODE IS BETTER FOR HIGH FREQUENCIES 
PLATE 

SCREEN GRID CONTROL 
GRID 

-1. 
"1-

A 

INTERELECTRODE CAPACITANCE 

B CATHODE 
GROUND 

SYMBOL FOR TETRODE 

Part A in the above illustration shows the interelectrode 
(between elements) capacitance in a triode. Plate voltages 
are fed back to the control grid through this route, causing 
distortion. In a tetrode, the extra grid (called a screen) 
between the control grid and plate reduces the interelectrode 
capacitance and can be used to divert the feedback voltage 
to ground through a capacitor. Note the tetrode symbol in 
Part B. Ground is a wire (or the chassis) which serves as 
a common conductor for, or connection to, other components. 
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Pentodes—The fifth element in a pentode alleviates an-
other problem encountered in vacuum tubes—the problem of 
secondary emission. Many of the electrons making up the 
plate current strike the plate with sufficient velocity to re-
lease other electrons from the plate material and bounce 
them back into the space between the screen grid and plate. 

PLATE 

SYMBOL 

FORA 

PENTODE 

SUPPRESSOR GRID 

CONTROL GRID 

CATHODE 

SCREEN GRID 

HEATERS 

The fifth element of the pentode is called a suppressor 
grid. This element is usually connected internally to, and 
has the same potential as, the cathode. In other words, the 
suppressor grid is negative with respect to the plate. Spac-
ing between the turns of wire of the suppressor grid is wide 
enough for plate current to pass through, but yet sufficiently 
close enough to repel the negative secondary electrons back 
to the plate. 

Q7.   
between the plate and grid of a triode causes signal 
distortion. 

Q8. The fourth element of a tetrode is called a 

 • 
Q9. The screen grid bypasses the distorting feedback 

voltage to through a capacitor. 

Q10. The  symbol is an indication of a com-
mon connection to a wire or chassis for several 
components. 

Q11. Electrons that bounce off the plate due to cur-
rent flow are called  
electrons. 

Q12. The grid of a pentode repels elec-
trons back to the plate. 

Q13. The  grid is tied to the cathode. 
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A7. Interelectrode capacitance between the plate and 
grid of a triode causes signal distortion. 

A8. The fourth element of a tetrode is called a screen 
grid. 

A9. The tetrode bypasses the distorting feedback volt-
age to ground through a capacitor. 

A10. The ground symbol is an indication of a common 
connection to a wire or chassis for several 
components. 

All. Electrons that bounce off the plate due to current 
flow are called secondary emission electrons. 

Al2. The suppressor grid of a pentode repels electrons 
back to the plate. 

A13. The suppressor grid is tied to the cathode. 

VACUUM-TUBE CIRCUITS 

There are thousands of different vacuum-tube circuits. 
No one could hope to learn how each circuit works by 
memorizing their operating details. However, you can ana-
lyze how they work by applying the principles of electricity 
and electronics. You have already acquired most of the 
fundamental principles, but not at the depth required to 
be an expert. See if you can apply some of these principles 
to the circuits that follow. 

Full-Wave Vacuum-Tube Power Supply 

The circuit below performs the same rectification function 
as did the diode full-wave power supply in the last chapter. 

A FULL-WAVE POWER SUPPLY 
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The transformer steps 115 volts AC up to the value de-
sired on the secondary. Each terminal of the secondary is 
connected to a separate plate of the twin diode. The second-
ary winding of the transformer is center-tapped to ground. 
CI, RI, and C. form the filter network. By storing a 

charge during each AC half cycle, and discharging slowly 
through the resistors, the capacitors smooth out the ripple 
in the pulsating DC. R2 is a bleeder resistor that provides 
selected DC voltages for other vacuum tubes. 
Note that Ci, C., and R. each have one side connected to 

ground. The ground symbol indicates a common connection 
for all components terminated in this manner. 
The principle of a center-tapped transformer winding is 

the manner in which AC voltages appear on either end of 
the winding. The first half cycle appearing at point A is 
positive with respect to ground. This makes the center tap 
more positive than point B, or point B is, in effect, swinging 

in a negative direction. 
When point A is positive, point B is negative. Plate P2 is 

cut off, but PI conducts. Current travels through the upper 
half of the secondary to ground, up through R, (charging 
the capacitors on the way) through RI, and then to the 
cathode. The top of IL is positive with respect to ground. 
When point A swings negative, point B swings positive. 

Q14. When a negative half cycle is developed from point 
A to ground ( P1, P2) conducts. 

Q15. With current from cathode to P2, current flows 
through R2 from ( top to bottom, bottom to top). 

Q16. When current leaves P1, it will enter R., at the 
(top, bottom) and leave at the ( top, bottom). 

Q17. When P2 conducts, C1 will charge by storing excess 
electrons on the ( top, bottom) plate. 

Q18. The vacuum tube in the circuit is a 

Q19. The voltage at point A would be measured from 

point A to • 
Q20. If the voltage output at the top of R2 is 200 volts, 

what will be the voltage at point D if the top is 
% of the resistance above ground? 
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A14. When a negative half cycle is developed from 
point A to ground, P2 conducts. 

A15. With current from cathode to P2, current flows 
through It» from bottom to top. 

A16. When current 'leaves PI, it will enter 11, at the 
bottom and leave at the top. 

A17. When 132 conducts, CI will charge by storing 
excess electrons on the bottom plate. 

A18. The vacuum tube in the circuit is a twin diode. 

A19. The voltage at point A would be measured from 
point A to ground. 

A20. 3/5 of 200 is 120 volts. 

Triode Amplifier 

The circuit below is that of a triode amplifier. The B+ 
voltage of 200 volts is obtained from the load resistor 
(bleeder) of a power supply. The control grid has a fixed 
bias of —2 volts. Since there is a common connection 
through ground, the grid is two volts negative with respect 
to the cathode. 

A TRIODE AMPLIFIER 

FROM 
PRECEDING 
STAGE 

  100V 

10, 000Q 

+50V 

B+ 200V 

With this bias, plate current is 0.01 amp ( 10 ma). The 
cathode-to-B+ path contains R1 and rp as resistances in 
series. R1 is the load across which the voltage for the next 
circuit is developed; rip is a variable resistance existing 
between cathode and plate. This variable resistance is 
known as the plate resistance. When plate current increases, 
rp decreases; when plate current decreases, ri, increases. 
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With 0.01 amp flowing, there will be a 100-volt drop across 
R, (E = IR). Since B+ is 200 volts, there will be a 100-volt 
drop across r„ (200-100). This is the same as saying that 
the voltage from plate to cathode is 100 volts. 
The AC signal on the grid swings one volt positive. Added 

to the —2-volt bias voltage, the grid is now at —1 volt with 
respect to the cathode. Plate current increases to 0.015 amp. 
The drop across R, is now 150 volts, leaving 50 volts across 
r„. A change of 1 volt on the grid has changed the plate 
voltage from 100 volts to 50 volts. 
When the AC signal swings one volt negative, grid bias 

becomes —3 volts. Plate current decreases to 0.005 amp. 
The voltage drop across R, is now 50 and across r„, 150. 
Once again a change of 1 volt on the grid has caused a 
change of 50 volts on the plate. This means that the gain 
of the tube is 50. 

Q21. When plate current increases, ri,   

Q22. Gain of an amplifier is determined by dividing the 
change in  by the change in 

• 

WHAT YOU HAVE LEARNED 

1. A diode has two active elements—a cathode and a plate. 
When heated, the cathode emits electrons. The plate 
draws current when it is more positive than the cathode. 

2. A triode has a cathode, plate, and control grid. The 
control grid regulates the amount of plate current. A 
small change in grid voltage causes a large change in 
plate current and voltage. 

3. The additional grid in a tetrode is called the screen. 
It eliminates the distortion effects of interelectrode 
capacitance. 

4. A pentode has a suppressor grid that returns secondary 
electrons to the plate. 

5. The ground symbol indicates a common wire or chassis 
for all components terminated to ground. 

6. A full-wave vacuum-tube power supply uses a twin 
diode and a transformer center-tapped-to-ground sec-
ondary as input voltage. 
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A21. When plate current increases, rp decreases. 

A22. Gain of an amplifier is determined by dividing the 
change in plate voltage by the change in grid 
voltage. 

7. Varying plate voltage varies plate current until the 
limit of plate-current saturation is reached. 

8. Varying cathode temperature varies the supply of avail-
able electrons and therefore plate current. Maximum 
electrons will be available at cathode-temperature 
saturation. 

TO THE READER 

Thus far this volume has introduced you to many of the 
basic concepts of electricity and electronics. In fact, you 
should now be familiar with all of the basic principles upon 
which this science is based. Although you will need to 
learn more about these principles before you can become 
an accomplished technician, what you know now will make 
such study understandable and meaningful. 
To insure that your grasp of these principles is sound, 

the remainder of this volume will be devoted to the appli-
cation of these concepts to actual circuits in typical equip-
ment. It will be more than just a review. The many com-
ponents that you have studied will be tied together in de-
scribing how actual equipment works. In addition, you will 
become acquainted with the manner in which your radio 
and television receivers function. 
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13 

Basic Circuit Actions 

It is important that you 
What You learn what an electrical 

or electronic circuit is. 
Will Learn You will now learn to rec-

ognize the basic elements 
every circuit must have. When you complete this chap-
ter you will be able to examine a circuit and determine 
how it works. In addition, you will learn the simple fun-
damentals used to determine how any circuit works. 

INTRODUCTION 

In the preceding chapters you have learned a great deal 
about electricity and electronics. If you have performed the 
experiments, you have learned even more. 

The remaining chapters of this volume build upon what 
you have learned by showing you what electronic circuits 
are and how they are used in electronic equipment. 
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ELECTRICITY AND ELECTRONICS 

You will read or hear many definitions for electricity and 
electronics which will seem to establish a difference between 
the two terms. Are they really different? The truth is, 
electricity and electronics are far more similar than they 
are different. 

Electrical Circuits 

In an electrical circuit, current from a voltage source 
flows through conductors to an electrical device. In passing 
through the device, current causes it to operate—a lamp 
lights, a motor rotates, a doorbell rings, an oven heats, etc. 
The electrical device, whatever it may be, must be part of 
a circuit connected to a voltage source. Compare this to an 
electronic circuit. 

Electronic Circuits 

In an electronic circuit, current from a voltage source 
flows through conductors and electronic components to per-
form a desired electronic function. For example, radio and 
television receivers contain many electronic circuits. In a 
radio, the functions of each circuit are such that the set 
reproduces a sound transmitted by a broadcast station many 
miles away. Circuits in a television set function in a similar 
manner and make it possible for you to see as well as hear 
a broadcast. 

Basic Fundamentals 

A radio or television set is plugged into the same voltage 
source as a lamp, motor, refrigerator, or any other electrical 
device. Current and voltage make no distinction between 
an electrical or electronic circuit. They react the same in 
either. The components that have been built into the cir-
cuit ( s) determine how current and voltage will be used to 
make the electrical or electronic device operate. 
The diagram on the next page expresses this concept by 

showing the relationship of the three elements contained 
in any circuit. If you accept the concept this illustration 
reveals and always remember it, you will have no difficulty 
in learning the electrical or electronic theory required to 
become a good technician. 
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1  

CIRCUIT 
PARTS 

What does the illustration say? It states that any circuit 
contains only three factors—voltage, current, and circuit 
parts—which influence its operation. 

The Electrical Elements in Any Circuit 

VOLTAGE 

Voltage, as you know, is an electrical pressure that causes 
current to flow under proper conditions. Current flows if 
there is a closed loop (complete path) from one side of the 
voltage source through the circuit components to the other 
side. The amount and type of voltage to be applied and how 
much current will flow is dependent on the type and value 
of components used in the circuit. As an example, you have 
seen circuits similar to those shown in the schematic 

diagrams below. 
CIRCUIT EXAMPLF:S 

VOLTAGE 

-1-L SOURCE 

CURRENT 

A 

CIRCUIT 
COMPONENT 

Ql. What is the voltage source in Part A above? In 

part B? 
Q2. What is the circuit component in part A? What are 

they in part B? 
Q3. Which way will current flow (clockwise or counter-

clockwise) in parts A and B? 
Q4. Which part (A or B) contains a circuit that is a 

closed loop? 
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Al. The voltage source in part A is a battery and in 
part B it is a transformer. (You may have stated 
AC or electrical outlet for part B. However, you 
must get into the habit of looking at the voltage 
that is applied across a specific circuit shown in a 
diagram. The left side of the transformer may be 
plugged into a 120-volt AC outlet, but it is in 
another circuit consisting of the primary winding 
and the outlet. The circuit shown contains the 
voltage source and the circuit component. Remem-
ber to look for the specific voltage that is applied 
to an individual circuit.) 

A2. The component in part A is a lamp. In part B 
the components are a diode (upper) and resistor 
(lower). 

A3. Current will flow counterclockwise in part A and 
clockwise in part B. 

-Z- CIRCUIT 
COMPONENT 

I. CURRENT / 
Al. Both circuits are closed loops. 

You were not expected to give as long an answer as those 
shown above. If you arrived at the specific answers cor-
rectly, you have shown that you remember and can apply 
the information studied in other chapters of this volume. 
The questions and explanations were included to under-

line a significant point—whatever happens in any circuit 
depends on the effect circuit components have on its voltage 
and current. This may sound like a very simple, easily 
understood statement, but those who do not study circuits 
with this simplicity in mind will find them difficult. Those 
who approach every circuit and resolve its complexities in 
terms of this simple, always reliable statement will have no 
trouble whatsoever. 

242 



ANALYZING ELECTRONIC CIRCUITS 

Using the approach stated in the preceding paragraph, 
see if you can follow the analysis of a basic amplifier cir-
cuit. The circuit is similar to one of those used in preceding 
chapters. 

A VACUUM-TIIBE AMPLIFIER 

( 
INPUT SIGNAL 

111111il 

E2 OUTPUT SIGNAL 

OUTPUT SIGNAL 

Circuit Function 

This circuit uses a vacuum tube. The function of the cir-
cuit is to amplify (increase) the voltage of the input signal, 
as shown in the difference between the input and output 
waveforms. Disregarding the input and output signals for 
a moment, you can find two voltage sources in this circuit— 
there are two battery symbols. The actual circuit will prob-
ably not have batteries; the symbols merely show that 
there is a DC voltage source across the points indicated. 

Q5. The three basic factors of any circuit are 
 , and  

Q6. The best method to use in analyzing any circuit is 
to determine the effect that circuit components 
have upon applied and  

Q7. Redraw the vacuum-tube amplifier circuit and show 
the path and direction of current through the closed 
loop that includes E2. 

Q8. The three active elements in the vacuum tube above 
are   —  , and 

 • 
Q9. The purpose of the circuit is to   the 

input signal. 

Q10. The two battery symbols are used to indicate — — 
 is being applied. 
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A5. The three basic elements of any circuit are volt-
age, current, and components. 

A6. The best method to use in analyzing any circuit 
is to determine the effect that circuit components 
have upon applied voltage and current. 

A7. 

PLATE 

GRID 

INPUT SIGNAL 

RI b 

El 

CURRENT 

CATHODE 

1111111 

-   2 
_ GROUND 

OUTPUT SIGNAL 

You had two choices for the current path. They 
are represented as solid and dotted lines above. 
Although the solid line is correct, do not feel bad 
if you chose the other. 

A8. The three active elements in the vacuum tube 
are control grid, cathode, and plate. 

A9. The purpose of the circuit is to amplify the input 
signal. 

A10. The two battery symbols are used to indicate DC 
voltage is being applied. 

Control by the Grid 

Current (the solid line) flows through the vacuum tube 
(a triode) if its plate is positive with respect to its cathode. 
This is the purpose of E2. The amount of current that flows 
can be controlled by the voltage on the control grid with 
respect to the cathode. In fact, a small change in grid-to-
cathode voltage causes a large change in plate current. 
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The grid-to-cathode voltage is negative and, if sufficiently 
high, will stop current flow altogether. As this voltage is 
made less negative, more and more current will flow. 
The input to the triode amplifier circuit has the same 

shape as an AC-voltage waveform. It appears on the grid 
as a voltage also. Capacitor C, and resistor RI play a part 
in placing this signal voltage on the grid. The line through 
the center of the input waveform is called a reference line. 
(Voltage must always be thought of as being with refer-
ence to, or with respect to, some other point in the circuit.) 
In this case the reference line refers to the DC grid voltage 
(bias). The part of the waveform that is above the line is 
positive voltage, and the part below the line is negative. 
Since it is AC, the voltage of the signal is regularly chang-
ing from positive to negative. 
The purpose of EI is to establish a uniform negative volt-

age between the grid and cathode. This makes the grid 
negative with respect to the cathode. In this circuit, current 
will not flow from the grid to the cathode. The changing 
voltage of the AC waveform is also on the grid, subtracting 
from or adding to the voltage of E,. When the signal volt-
age is going positive, it subtracts from the voltage of El. 
For example if E, were —1.5 volts (negative from grid to 
cathode) and the signal were +0.5 volt at a given instant, 
voltage on the grid would be reduced to —1 volt (the grid 
still negative with respect to the cathode). 

Q11. The control grid is (negative, positive) with re-
spect to the cathode. 

Q12. What will be the voltage on the grid when the 
signal voltage is —0.5 volt? 

Q13. E2 makes the plate   with respect to 
the cathode. 

Q14. The amount of plate current that flows is con-
trolled by the   on the   

— . 

Q15. In a triode amplifier, a small change in grid voltage 
causes a (small, large) change in plate current. 

Q16. The purpose of Ei is to make the — — — — negative 
with respect to the  
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All. The control grid is negative with respect to the 
cathode. 

Al2. 2 volts. 

A13. E2 makes the plate positive with respect to the 
cathode. 

A14. The amount of plate current that flows is con-
trolled by the voltage on the control grid. 

A15. In a triode amplifier, a small change in grid volt-
age causes a large change in plate current. 

A16. The purpose of E, is to make the grid (control 
grid) negative with respect to the cathode. 

Change in Plate Voltage 

As you can see, the voltage on the grid changes in accord-
ance with the changing voltage of the signal. Current 
through the tube changes in a like manner—it increases 
when the signal rises in the positive direction. This is 
because the negative repelling voltage of the grid is being 
decreased. When the signal increases in the negative direc-
tion, it adds to the negative voltage on the grid, causing 
plate current to decrease. 

Amplifying a Signal 
o  o  SIGNAL  

1 

INPUT \ CI I( LE11   E2 
-1=-1-IIIIIIIII 

 o 
/ OUTPUT SIGNAL 
 o 

The changing current of the tube passes through R2 on 
its return to voltage source E2, causing the voltage across 
R. to change in the same manner as the changes of the 
signal voltage. Since a small change in grid voltage causes 
a large change in tube current, the changes in output volt-
age across R2 are greater than the corresponding input 
changes on the grid. Thus, the signal has been amplified. 
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Circuit Analysis Summary 

The entire explanation or understanding of this circuit 
is based on the effect the circuit components have on cur-
rent and/or voltage. This is true of any circuit. You should 
have had very little difficulty in following the explanation 
even with your limited knowledge of electricity. The rea-
son, of course, is that everything was explained in terms of 
changes in voltage or current with respect to the compo-
nents of the circuit. 
You may have been able to follow the explanation but 

you still may not fully understand exactly how the circuit 
works. To achieve this understanding and to become a good 
technician requires a knowledge of how the circuit compo-
nents cause current and voltage changes to take place. 
Many pages are devoted to this explanation in the remain-

ing volumes in this set or in similar texts on electronics. 
The effect that vacuum tubes, resistors, capacitors, and even 
voltage sources have on a signal moving through a circuit 
requires a great deal of careful explanation. If you will 
remember to always relate the detailed descriptions to the 
effect they have on voltage and current changes, you will 
have no trouble. 

Q17. In a triode amplifier, the (negative, positive) ter-
minal of a DC voltage source is applied to the 
control grid. 

Q18. The ( input, output) signal causes grid voltage to 
vary. 

Q19. Grid voltage regulates the amount of plate current 
by (attracting, repelling) electrons in the tube. 

Q20. The circuit on the opposite page is called a(an) 
 because it increases the voltage of 
the input signal. 

Q21. The plate of the tube is kept at a ( higher, lower) 
(negative, positive) voltage than the cathode. 

Q22. The circuit amplifies the input signal because 
(small, large) changes in grid voltage cause 
(small, large) changes in plate current. 

Q23. The changes in plate current cause (small, large) 
changes in plate voltage. 
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A17. In a triode amplifier, the negative terminal of a 
DC voltage source is applied to the control grid. 

A18. The input signal causes grid voltage to vary. 

A19. Grid voltage regulates the amount of plate cur-
rent by repelling electrons in the tube. 

A20. The circuit is called an amplifier because it in-
creases the voltage of the input signal. 

A21. The plate of the tube is kept at a higher positive 
voltage than the cathode. 

A22. The circuit amplifies the input signal because 
small changes in grid voltage cause large changes 
in plate current. 

A23. The changes in plate current cause large changes 
in plate voltage. 

CIRCUIT COMPONENTS 

How many different circuit components are there? If this 
question is worrying you, you are worrying needlessly. 
There are only three major components (parts). 

The Major Parts of Any Circuit 

o   o o  ° 

RESISTOR CAPACITOR COIL ( INDUCTOR) 

Resistors, Capacitors, and Coils 

All circuits, regardless of their complexity, contain at the 
most only three different kinds of parts—resistors, capaci-
tors, and coils (often called inductors). 
The effect that a resistor has on current or voltage is 

measured in terms of its resistance, a term with which you 
are already familiar. The effect of a capacitor is measured 
in capacitance. The effect of a coil is called inductance. The 
effect each has on voltage or current depends on whether 
it is DC or AC, and, if AC, how rapidly the voltage or cur-
rent is changing. But each effect—resistance, capacitance, 
or inductance—is based on a few easily learned principles. 
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Circuit Applications 

The illustration below shows that an input signal is con-
verted to that shown at the output because of the effect 
of circuit resistance, capacitance, and inductance on the 
signal as it passes through the circuit. By this manner, the 
operation of any circuit can be explained. The ground sym-
bol shown in the illustration is normally used as a reference 
point for zero voltage. 

THE ELEMENTS OF ANY ELECTRONIC CIRCUIT 

INPUT SECTION •<- `',. 

g ELECTRONIC 7--, 
z_ PARTS ern 

0c <4.. 
1 PA cilt"-

= GROUND 

OUTPUT SECTION 

VOLTAGE 

You might think that the symbol for a vacuum tube or 
transistor does not look like an inductance, capacitance, or 
resistance. You are correct. However, the way a vacuum 
tube or a transistor operates can be explained by how it 
reacts in terms of resistance, inductance, or capacitance 
when current is passing through it or when voltage is 
applied to it. 

TRA NSISTORS 

RES I STANCE 

CAPACITANCE 

INDUCTANCE 

VACUUM TUBES 

Q24. The three different electrical factors in a circuit 
are  , and circuit com-
ponents. 

Q25. The three different types of circuit components are 

 , and coils. 
Q26. Operation of a vacuum tube can be explained in 

terms of  
and  
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A24. The three different electrical elements in a circuit 
are voltage, current, and circuit components. 

A25. The three different types of circuit components 
are resistors, capacitors, and coils. 

A26. Operation of a vacuum tube can be explained in 
terms of resistance, capacitance, and inductance. 

CHANGING VOLTAGE AND CURRENT 

Circuits in electronic equipment are designed to obtain 
the performance desired of the equipment. A signal enter-
ing the first circuit is converted into an output signal 
that becomes the input to the next circuit where it is con-

verted again. The input-conversion-output sequence contin-
ues through all the circuits until a waveform is obtained 
that will cause proper operation of the output device. 

Voltage and Current Waveforms 

Since the exchange between circuits is accomplished by 
voltage and/or current, a means of describing a waveform 
(signal) becomes very important. Like any other object, a 
waveform has dimensions. A sheet of paper, for example, 
is so many inches wide by so many inches long. A wave-
form has height and width dimensions also, but different 
units are used to describe them. 

A Voltage Sine Wave 

+4 
+3 
+2 

+1 

0 

1 

-2 

3 

-4 0 2 4 6 8 10 12 14 16 
TIME 

VOLTAGE AND 
CURRENT 
WAVEFORMS ARE 
MEASURED IN 
TERMS OF THEIR 
AMPLITUDE 
WITH RESPECT 

TO TIME. 

The illustration shows a single cycle of a voltage wave-
form. The AC sine wave, as this particular waveform is 
called, is continually changing at the rate indicated by its 
curvature. 
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Circuit Applications 

Normal presentation in equipment diagrams indicates the 
amplitude of a waveform in terms of its maximum values. 

WAVEFORM REPRESENTATIONS 

8 VOLTS 

A 

 20 uSEC  

Part A above shows the same sine wave as on the pre-
ceding page. The dimensions are 8 volts from its positive 
peak to its negative peak. The time duration of one cycle 
is 20 p.sec (microseconds). A microsecond is one-millionth 
of a second.) Part B shows the same waveform after it has 
been rectified ( using a diode circuit, for example). The 
single peak remaining is 4 volts from zero to maximum 
positive. The time duration of the cycle is still the same 
20 ixsec. 
Understanding the dimensions of a waveform is very 

important. Waveform representations of signals are used 
constantly in electronics, since a vast amount of informa-
tion about a signal can be put into this picture form. Ampli-
tude and time values allow you to describe specifically what 
the voltage or current will do in a circuit. 

Q27. In an equipment, the output signal of one circuit 
becomes the   for the next 
circuit. 

Q28. The exchange of signals between circuits is accom-
plished by or waveforms. 

Q29. The dimensions of a waveform are  
and — — — — . 

Q30. A sine wave is a continuously (steady, changing) 
voltage or current. 

Q31. In the diagram on the opposite page, what is the 
amplitude of voltage at time increment 4? 

Q32. What is its value at time increment 8? 

Q33. What is the amplitude at time increment 12? 

1--20 uSEC 
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A27. In an equipment, the output signal of one circuit 
becomes the input signal for the next circuit. 

A28. The exchange of signals between circuits is ac-
complished by voltage or current waveforms. 

A29. The dimensions of a waveform are amplitude and 
time. 

A30. A sine wave is a continuously changing voltage 
or current. 

A31. At time increment 4, voltage has risen to +4 
volts. 

A32. At time 8, it is zero volts. 

A33. At time 12, voltage has decreased to —4 volts. 

Amplitude and Frequency 

As you have learned, waveforms can be described by their 
time and amplitude dimensions. How is this done? 
Time Dimension—Time is the horizontal dimension of a 

waveform. It is usually represented in terms of sec-
onds, milliseconds ( 1/1,000 of a second), or microseconds 
(1/1,000,000 of a second). 

TIME DURATION OF A CYCLE 

1-
10 VOLTS 

A 

14-- 20 µSEC - ii.1 

B 

7 
10 VOLTS 

i'  

The time line for a waveform usually represents the dura-
tion of one cycle. In Part A above, it is 20 itsec and in part 
B it is 10 esec. From this, the duration of a portion of a 
cycle can be determined. In part A, a half wave (half of a 
full cycle) is 10 esec. A quarter wave (fourth of a full cycle) 
in part A is 5 esec. 
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Frequency—Since a waveform cycle repeats itself con-
tinuously, its frequency can be determined. The frequency 
of a signal is the number of times that it repeats itself in 
a certain period of time, usually one second. If the time 
duration for one cycle is one second, the signal repeats itself 
once each second. Its frequency, then, would be one cycle 
per second. If one cycle is 1/10 of a second in duration, it 
repeats itself 10 times in one second, resulting in a fre-
quency of 10 cycles per second. As you have already deter-
mined, the arithmetic expression to find frequency is: 

Frequency  one second  
time duration of one cycle 

If the time duration is expressed in milliseconds or micro-
seconds, the top and bottom values of the right side of the 
expression must be expressed in the same units of time. 
In other words, both top and bottom values must be either 
in seconds, milliseconds, or microseconds. Failure to have 
these values in the same units of time is a common source 
of error when solving this type of problem. 

DETERMINING FREQUENCY 

FREQUENCY 

1 SECOND  
10 MILLI SECONDS/CYCLE 

1000 MILLI SECONDS  

10 MILLI SECONDS/ CYCLE 

= 100 CYCLES PER SECOND 

1 SECOND  

1 MICROSECOND/CYCLE 

1, 000, 000 µSEC FREQUENCY =  
1 pSECICYCLE 

= 1, 000, OW CYCLES PER SEC. 

Q34. The time dimension of a waveform is measured 
from ( left to right, bottom to top). 

Q35. There are   microseconds in a second. 

Q36. There are -- — microseconds in a millisecond. 

Q37. A full cycle is 60 milliseconds. What is the dura-
tion of a quarter cycle? 

Q38. What is the frequency of a 100-millisecond cycle? 

Q39. What is the frequency of a 0.001-second cycle? 
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A34. The time dimension of a waveform is measured 
from left to right. 

A35. There are 1,000,000 microseconds in a second. 

A36. There are 1,000 microseconds in a millisecond. 

A37. A full cycle is 60 milliseconds. A quarter cycle 
would be 15 milliseconds. 

A38. A 100-millisecond cycle has a frequency of 10 
cycles per second. 

A39. A 0.001-second cycle has a frequency of 1,000 
cycles per second. 

WAVEFORM APPLICATIONS 

The time and amplitude characteristics of a waveform 
allow it to be described in precise terms. 

Oscilloscope 

An oscilloscope is used to obtain a picture of a waveform 
at test points in a circuit. Even though the signal is con-
stantly changing, controls on this instrument permit the 
waveform to be presented almost as if it were drawn on 
paper. From the presentation, the waveform can be eval-
uated in terms of its amplitude and time characteristics 
and it can be determined if the waveform is correct or not. 

AN 

OSCILLOSCOPE 

Nonsinusoidal Waveshapes 

Waveforms which are not sine waves are called non-
sinusoidal. Many are triangular, rectangular, or square in 
shape. Because of their nonsinusoidal shapes, two or more 
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amplitude or time dimensions are required to describe them 
properly. Examples are shown below. With such informa-
tion, it can be determined if the waveform going into or 
coming out of a circuit is correct. 

AMPLITUDE AND TIME MEASUREMENTS 

o 

2 VOLTS 

 r- 0.1 µSEC 

1 VOLT 

2 VOLTS 

9 µSEC-1 [-- h 2 tiSEC 

A iisEc 

Circuit Application 

To show how waveform representations can be applied to 
the analysis of a circuit, a sample application is given below. 

WAVEFORM APPLICATION 

2V °"-I-4W -F 

T INPUT 

mg> AMPLIFIER 

40V 

OUTPUT T 
In the circuit above, the amplifier has a sine-wave input 

and output. Because of the characteristics of this amplifier, 
the output waveform is a reversal of the input. The output 
is also greater in amplitude: 40 volts output as compared to 
2 volts at the input. 

Q40. The test instrument which displays waveforms in 
a circuit is called a(an)   

Q41. The areas of a circuit to which the test clips are 
applied are called  

Q42. A nonsinusoidal waveform is one which is not a 

Q43. A drawing which shows circuits represented in 
rectangular form is called a(an)   

Q44. What is the frequency of the waveform in part A 
of the illustration at the top of the page? 

Q45. What is the gain of the amplifier above? 
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A40. The test instrument which displays waveforms in 
a circuit is called an oscilloscope. 

A41. The areas of a circuit to which the test clips are 
applied are called test points. 

A42. A nonsinusoidal waveform is one which is not a 
sine wave. 

A43. A drawing which shows circuits represented in 
rectangular form is called a block diagram. 

A44. What is the frequency of the waveform in part 
A? 1,000,000 microseconds divided by 10 micro-
seconds is 100,000 cycles per second. 

A45. Gain is 20. (40 volts divided by 2 volts.) 

Try another circuit. 

am> 
INPUT 

AMPLIFIER 

_L 
10V 

'me T OUTPUT 

Instead of a sine-wave output, the tops of both peaks have 
been flattened. A section of circuit components (different 
from those in the preceding circuit) is responsible for the 
different outputs. The amount of gain is also different. 
Outputs of two circuits are often fed into a single circuit. 

_L 
 5V 

I rT--10 µSEC 

MIXER OPERATION 

The sawtooth and pulse generators have sine-wave inputs 
of different frequencies. The input frequency of the pulse 
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generator is six times the frequency of the sawtooth gen-
erator input. The sawtooth output ( its name comes from 
its shape) has a time duration of 10 itsec during which three 
pulses are produced by the pulse generator. Both outputs 
are fed to the input of the mixer. 
One circuit feeding into two circuits is the reverse of the 

preceding example. One combination might look like this. 

ONE CIRCUIT FEEDING TWO 
IV 

AMPLIFIER 4 
30V 

AMPLIFIER 

IV 

A low-amplitude sine wave is amplified by the first ampli-
fier and fed to two others. Their outputs are quite different. 

+15 

+10 
+5 

OV 

-5 

10 

15 
0 2 

µSECS 

4 6 8 

+12 

+10 
+8 
+6 

+4 

+2 

OV 
0 10 

µSEC S 

20 30 40 

Q46. What is the frequency of the sine wave in the 
illustration directly above? 

Q47. What is the frequency of the sawtooth wave? 

Q48. What is the peak-to-peak voltage of the sine wave? 

Q49. How long does it take the sawtooth wave to rise 

to +8 volts? 

Q50. How long does it take the sawtooth wave to de-
crease back to zero volts? 

Q51. What is the time duration of a half cycle of the 

sine wave? 

Q52. A (an)  circuit is capable of superimposing 
one waveform upon another. 
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A46. The sine-wave frequency is 250,000 cycles per 
second. 

A47. The sawtooth frequency is 25,000 cycles per 
second. 

A48. The peak-to-peak sine-wave voltage is 30 volts. 

A49. The rise time is 30 microseconds. 

A50. The decay time is 10 microseconds. 

A51. The sine-wave half cycle is 2 microseconds in 
duration. 

A52. A mixer circuit is capable of superimposing one 
waveform upon another. 

KEEP ELECTRONICS SIMPLE 

In learning the electronic principles involved in a variety 
of circuits, a student technician often gets lost in the many 
details which are included. You have often heard the 
expression, "He can't see the forest because of the trees." 
A person so accused is so involved in examining the details 
of a single tree he loses sight of how it fits into the entire 
forest. This analogy aptly fits the study of electronics. 
A circuit consists of components which have so many 

details it is easy for the student to get lost. The usual 
explanation of how a circuit works often causes a reader 
to look at a circuit as a group of isolated components. 
The explanation must dwell on each of these components 

to define their place and purpose in the circuit. If the 
description continues for sentences or paragraphs, the 
reader has lost the important thread of information that 
runs through the circuit—how each of the individual com-
ponents causes the input to be changed into the desired 
output. The solution to this problem is to keep the "big 
picture" of what the circuit is supposed to do as a mental 
image. Then, as each component is discussed, fit its func-
tion or action into the appropriate place in the picture. If 
you make this a habit, you will not get lost in details. 
The next two chapters will explain how radio and tele-
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vision receivers operate. Each of the circuits will be 
described to show how they participate in fulfilling the elec-
tronic function of the equipment. Having a picture of how 
circuits work within familiar equipment will help you under-
stand the details of electronic principles as you continue 
your study of this subject. 

WHAT YOU HAVE LEARNED 

1. There is little difference between electrical and elec-
tronic circuits. Both are based on identical principles. 
There is a difference, however, in the manner in which 
the circuits are applied. 

2. Whether it be an application of electricity or one of 
electronics, circuits operate in a manner that is deter-
mined by the effect the components of the circuit have 
on current that is passing through the circuit or on the 
voltage that is applied to the circuit. 

3. All electronic components, regardless of their name or 
description, are either resistors, capacitors, inductors, 
or a combination of these. The effect they have on volt-
age or current is called resistance, capacitance, and 
inductance. Since these are the only elements that con-
stitute any circuit, learning their principles well and 
then applying their effect on current and voltage makes 
analysis of how a circuit works relatively easy. 

4. The changing characteristics of voltage and current 
can be revealed in their waveforms. A waveform has 
two dimensions—amplitude (volts or amperes) for 
height, and time (seconds, milliseconds, or microsec-
onds) for width. 

5. Many students do poorly in learning electronics because 
they get lost in descriptive detail. To prevent this from 
happening to you, fit the function of each component 
into its place in the mental image you have retained 
of the entire circuit and what it is designed to do. 
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14 

Radio Transmitters 
and Receivers 

When you have finished 
What You this chapter you will 

have learned what the 
Will Learn electromagnetic frequency 

spectrum is, what a radio 
transmitter is, how it develops a broadcast signal, and 
how radio signals are transmitted through the atmos-
phere. You will also learn how a broadcast signal is 
received, and how a radio receiver converts it into 
sound. In addition, you will become acquainted with the 
difference between amplitude and frequency modulation. 

In this and the following chapter you will become 
familiar with the general principles of operation for 
certain equipment. As pointed out previously, an under-
standing of how electronic equipment works will help 
you put descriptions of components and circuits into 
proper frames of reference so their meaning is not lost. 

ELECTROMAGNETIC RADIATIONS 

Energy that radiates from a source is said to be an elec-
tromagnetic wave. Gamma rays, which are given off by 
radioactive particles such as radium, uranium, or atomic-
bomb fragments, are electromagnetic waves. Cosmic rays 
from the sun travel extensive distances to the earth as 
electromagnetic waves. Electromagnetic waves, which in-
clude light, radiated heat, and radio signals, travel through 
space at the rate of 186,000 miles per second. 
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1014 cp 

Electromagnetic Frequency Spectrum 

Electromagnetic radiations differ from each other in terms 
of their frequencies (cycles per second). As you recall from 
the last chapter, the frequency of one of these radiations 
is the number of times a single cycle repeats itself in 1 
second. An electromagnetic spectrum chart, showing the 
relationship of these frequencies, is given below. 

1024 cps  

1022 cp 
  COSMIC RAYS (FROM THE SUM 

GAMMA RAYS (FROM RADIOACTIVE 
10 20 cps % SUBSTANCES) 

10 18 cps   XRAYS 

1016 cps 

ULTRAVIOLET ( INVISIBLE LIGHT) 
VISIBLE LIGHT 

1012 cps  

1010  RADAR 

INFRARED (HEAT RADIATION) 

108 cps 

106 cps 

104 cps   A  

102 cps-

RADIO THE 

ELECTROMAGNETIC 

SPECTRUM 

10 cps  

The chart shows that cosmic rays are radiated at a fre-
quency of around 1022 cycles per second. (The number 1022 
is 1 followed by 22 zeroes, or ten-thousand, million, million, 
million cycles per second.) At the lower end of the radio 
portion, radiation frequency is under 104, or ten thousand 
cycles per second. 
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Assigned Broadcast Frequencies 

The Federal Communications Commission (FCC) has as-
signed specific groups of frequencies to different types of 
communications transmissions. This is shown in an expan-
sion of the radio-frequency portion of the spectrum. 

loom 

UHF TELEVISION (CHANNELS 14-831 

500MC 

100MC 

50MC 

10MC 

5MC - 

1MC 

VHF TELEVISION (CHANNELS 7-131 174-216MC 
FREQUENCY-MODULATION BROADCASTS 

VHF TELEVISION (CHANNELS 2-6) 54-88MC 

SHORT-WAVE RADIO 

COMMERCIAL BROADCASTS 

THE RADIO-FREQUENCY SPECTRUM 
500KC 

Commercial transmitters (radio and television, for ex-
ample) are assigned a transmitting frequency in the appro-
priate part of the radio-frequency spectrum. Transmitters 
broadcasting in the home radio band, 535 kc to 1,605 kc 
(kilocycles), are required by law to be on their assigned 
frequency within plus or minus 20 cycles per second. 

Ql. Cosmic rays and radio waves are examples of 

Q2. Sound ( is, is not) electromagnetic radiation. 

Q3. Radio waves travel from the broadcast station to a 
receiving antenna at the rate of   miles 
per second. 

Q4.   is the characteristic which distin-
guishes one electromagnetic wave from another. 

Q5. Commercial radio transmissions are at a ( higher, 
lower) number of cycles per second than television. 

Q6. A frequency of 1,000 kilocycles would be assigned 
to ( commercial, short-wave) radio. 
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Your Answers Should Be: 

Al. Cosmic rays and radio waves are examples of elec-
tromagnetic radiations (waves). 

A2. Sound is not electromagnetic radiation. Remem-
ber? It is changing air pressure. 

A3. Radio waves travel from the broadcast station to 
a receiving antenna at the rate of 186,000 miles 
per second. 

A4. Frequency is the characteristic which distinguishes 
one electromagnetic wave from another. 

A5. Commercial radio transmissions are at a lower 
number of cycles per second than television. 

A6. A frequency of 1,000 kilocycles would be assigned 
to commercial radio. ( 1,000 kilocycles is equal to 
1 mc.) 

RADIO TRANSMITTERS 

The dial on your home radio receiver is marked off in 
numbers, probably from 550 to 1,600 kilocycles (or 55 to 
160). By rotating the tuning dial, you select the desired 
station. Since each local station broadcasts at a different 
frequency, you are able to select the one you desire. The 
dial setting indicates the broadcast, or carrier, frequency 
of the station. 

ff/ide/t/vee//e1YON 
LONG TRANSMISSION DISTANCE 

HIGH-WATTAGE 
TRANSMITTER 

261 

POWER 

SHORT 
TRANSMISSION 

LOW-WATTAGE __   DI STANCE 

TRANSMITTER 



Transmitter Power 

You have also noted that some stations come in stronger 
than others. The stronger stations broadcast at higher 
power (measured in watts or kilowatts) than the weaker. 
Or, if one of two stations broadcasting at equal power is 
stronger than the other, the stronger station is closer to 
your home. 
The illustration on the opposite page shows two antennas 

transmitting at different frequencies in the broadcast band. 
The one farther away is broadcasting at many kilowatts of 
power and is able to reach the receiver. The low-wattage 
transmitter, although nearer, does not have enough power 
to span the distance. This may explain why you cannot pick 
up some stations that are located in your general area. 

Carrier and Audio Frequency 

The frequency assigned to a broadcast station is called 
its carrier frequency. The transmitter and its antenna are 
designed and tuned to that specific frequency. As its name 
implies, the carrier frequency carries the reproduction of 
the sound originating in the studio. Actually, there are 
two frequencies that leave the transmitter, a radio fre-
quency (carrier) and an audio frequency (sound). Audio 
frequencies are classified as being between 20 and 20,000 
cycles per second. The frequency range of most human ears, 
however, is usually no higher than 15,000 cps. 

Q7. A home radio receiver ( can, cannot) be tuned to 1 
megacycle. 

Q8. 900,000 cycles per second ( could, could not) be a 
carrier frequency of a commercial broadcast station. 

Q9. The power of Station A is one megawatt. Station B 
is broadcasting at 500 kilowatts. Which station will 
transmit the longer distance? 

Q10. Two broadcast stations are equally distant from 
your home. Assuming your receiver is good, what 
would be the reason you could not receive one of 
them? 

Q11. A human ear (can, cannot) hear a radio frequency. 

Q12. A frequency of 600 kilocycles is classified as a(an) 
(audio, radio) frequency. 
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A7. A home radio receiver can be tuned to 1 mega-
cycle. One megacycle ( 1,000 kc) is within the 
broadcast band. 

A8. 900,000 cycles per second could be a carrier fre-
quency of a commercial broadcast station. It is 
the same as 900 kc. 

A9. Station A. It has twice as much power. 

A10. One station is so weak in power it cannot trans-
mit the distance. 

All. The human ear cannot hear a radio frequency. 

Al2. A frequency of 600 kc is classified as a radio 
frequency. 

A Basic Transmitter 

The diagram below shows a functional block diagram of a 
typical broadcast transmitter. It is called a functional block 
diagram because each block is representative of a general 
electronic function and may include several circuits. 

Functional Block Diagram 
of a Transmitter 

MI CROPHONE 

ma> 

The arrowheads between blocks show the direction of 
signal flow. You can probably already read what the 
diagram reveals. 
Sound enters the microphone and is fed to the audio-fre-

quency (AF) section. The sound, because it is too weak for 
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transmission purposes, is amplified (signal amplitude is 
increased) and then passed to the carrier-frequency section. 

Carrier Frequency—The specific radio frequency (RF) 
assigned to the broadcast station is developed in the carrier-
frequency block. Passing through several circuits, the RF 
signal is boosted in power (increased in amplitude) to the 
rated wattage output of the transmitter. Just before the RF 
carrier is fed to the antenna, the AF signal is superimposed 
on it. Waveforms developed in each block are shown below. 

TRANSMITTER WAVEFORMS 
CARRIER WITH AF SUPERIMPOSED 

ASSIGNED 
RF OF STATION lililindilidnuld 

MICROPHONE 

ANTENNA 

um> 

AMPLIFIED 
AF 

Superimposing the Sound—The process of superimposing 
AF on the carrier, as shown in this particular example, is 
called amplitude modulation (AM). In amplitude modula-
tion the audio frequency (varying at the changing rate of 
the original sound) is mixed with the carrier (a constant 
frequency) in a manner that causes that carrier amplitude 
to vary at the same rate as the audio. The carrier frequency 
remains unchanged. 

Q13. The drawing on the opposite page is called a(an) 
  diagram. 

Q14. Sound enters the AF section by way of a device 
called a (an)   

Q15.   on a block diagram show the 
signal direction between blocks. 

Q16. Placing AF on a carrier without changing the car-
rier frequency is called   
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A13. The drawing on the opposite page is called a func-
tional block diagram. 

A14. Sound enters the AF section by way of a device 
called a microphone. 

A15. Arrowheads on a block diagram show the signal 
direction between blocks. 

A16. Placing AF on a carrier without changing the car-
rier frequency is called amplitude modulation. 

Carrier-Frequency Circuits 

A minimum number of carrier-frequency circuits are 
shown in the diagram below. An actual broadcast station 
has many more circuits to attain the frequency stability 
and power required of its transmitter. The additional cir-
cuits are similar to those shown, however. 

CARRIER-FREQUENCY CIRCUITS 

,/ 
OSCILLATOR BUFFER POWER MI> AMPLIFIER am> 

The Oscillator—The purpose of the oscillator is to gen-
erate a stable RF signal. The resistance, inductance, and 
capacitance that make up its input circuit are such that 
they will not allow the vacuum tube in the oscillator to 
amplify any other signal but that of the desired frequency. 
The stable-frequency, low-amplitude output of the oscillator 
is shown above. 
The Buffer—This stage (another name for circuit) is 

sometimes called an intermediate power amplifier, or fre-
quency multiplier. In most transmitters it performs three 
functions. As a buffer, the stage isolates the oscillator from 
the effects of the other circuits. Without this isolation, 
stray signals may be fed back to the oscillator, causing it 
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to operate at the wrong frequency. As an amplifier, the 
buffer increases the amplitude of the oscillator signal to a 
level that is between the desired transmitter output and 
the amplitude of the oscillator signal. In many transmitters 
the buffer circuit doubles (or even triples) the frequency 
of the oscillator output. The oscillator may not be capable 
of generating the station frequency by itself. In order to 
produce the assigned frequency, a transmitter may require 
several multiplier stages. 
The Power Amplifier—The purpose of the power amplifier 

is to increase the amplitude of the RF signal to the power 
(wattage) requirements of the station. Several stages of 
power amplification may be required to achieve this. Nor-
mally, the audio signal from the AF circuitry is fed to the 
final power amplifier and used to modulate the carrier. 

CARRIER 
FREQUENCY 

ORIGINAL AUDIO 

AMPLITUDE-MODULATED 
RF 

AMPLIFIED AUDIO 

!1 

MIXING AUDIO 

AND 

RADIO FREQUENCIES 

Q17. A transmitter circuit which amplifies a signal and 
increases its frequency is called a(an) 

Q18. A(an)  generates a signal which 
has a uniform frequency. 

Q19.  amplifier output is measured in watts. 

Q20. AF and RF are mixed in what stage? 

Q21. The carrier arrives at the antenna with its wave-
form (amplitude, frequency) modulated. 
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A17. A transmitter circuit which amplifies a signal and 
increases its frequency is called a multiplier. 

A18. An oscillator generates a signal which has a uni-
form frequency. 

A19. Power amplifier output is measured in watts. 

A20. AF and RF are mixed in the final stage of the 
power amplifier. 

A21. The carrier arrives at the antenna with its wave-
form amplitude modulated. 

Audio-Frequency Circuits 

The Microphone—Regardless of the many different types 
of microphones that are available, even the best develop only 
a weak signal. 
The Audio Amplifier—Although a single stage of audio 

amplification is sometimes all that is necessary, larger 
transmitters may have two, three, or more stages to obtain 
the desired undistorted level of amplitude. 

A UDIO-FREQUÉNCY CIRCUITS 

um> 

TO POWER AMPLIFIER 

um> 
MODULATOR 

The Driver—Like most circuits, the driver obtains its 
name from its purpose. The driver amplifies the AF to the 
voltage level required to "drive" the tubes of the modulator. 
The modulator tubes require large changes in signal ampli-
tude to operate properly. 
The Modulator—The modulator is a power amplifier quite 

similar to the final circuit of the carrier-frequency block. 
It amplifies the audio signal to a power level suitable for 
modulating the carrier power in the final power amplifier. 
Power output of the modulator is fairly close to half the 
power of the final carrier amplifier. 
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Antennas 

If all circuits are operating properly, an AM (amplitude-
modulated) carrier is fed to the antenna and transmitted 
into the atmosphere. 

ANTENNA RADIATION 

FROM 
TRANS-
MITTER 

(=> 

AUDIO ENVELOPE 
pe 

WAVE 
BEING RADIATED 

CARRIER 
FREQUENCY 

Power is fed to the antenna in the form of both current 
and voltage. Voltage sets up an electric field along the 
length of the antenna. Current, in traveling through the 
antenna (a conductor), sets up a corresponding magnetic 
field. Both fields vary at the rate of the carrier frequency 
and at the amplitude and frequency of its audio envelope. 
Both fields expand outward and collapse back to the 

antenna at the rate of the carrier frequency. The outermost 
waves continue through space and do not return to the 
antenna. This action is similar to dropping a pebble in a 
pool. The energy of the waves moves outward in ever-
widening circles; the water, however, remains in place. 

Q22. The weak output of a microphone is fed to one or 
more stages of amplification. 

Q23. The output of even the best microphones (can, 
cannot) be fed directly to the modulator. 

Q24. The output of the   is connected to 
the carrier power amplifier. 

Q25. For proper modulation, the output of the modula Ir 
stage must be ---- that of the power amplifier. 

Q26. Carrier voltage develops a(an)   field 
and carrier current develops a(an)   
field on the antenna. 

Q27. All of the energy in the antenna fields (does, does 
not) leave the antenna. 
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A22. The weak output of a microphone is fed to one or 
more stages of audio amplification. 

A23. The output of even the best microphones cannot 
be fed directly to the modulator. (Even the most 
powerful microphones develop a signal that is 
much too weak to drive the modulator.) 

A24. The output of the modulator is connected to the 
carrier power amplifier. 

A25. For proper modulation, the output of the modula-
tor stage must be half that of the power amplifier. 

A26. Carrier voltage develops an electric field and car-
rier current develops a magnetic field on the 
antenna. 

A27. All of the energy in the antenna fields does not 
leave the antenna. (Only the outermost waves.) 

A RADIO RECEIVER 

The block diagram for a radio receiver similar to the one 
in your home is shown below. 

ANTENNA A TYPICAL RADIO RECEIVER 

SPEAKER 

TO ALL 
STAGES 

The purpose of the radio receiver is to convert the ampli-
tude modulation on the carrier back to its original sound. 
As the carrier increases in ever-widening circles on leaving 
the transmitter antenna—like ripples in a pool—its energy 
decreases in amplitude. The increasing circumference of 
the circles causes power in the waveform to be distributed 
over an ever-increasing area. By the time the signal reaches 
the receiver antenna it is rather weak, usually around a few 
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thousandths or millionths of a volt. The receiver, therefore, 
must amplify the received signal to a level that will operate 
the speaker within the hearing range of the human ear. 
The receiver must also extract the audio component (the 
envelope) from the carrier. The carrier brings the signal to 
the receiver, but has no value in the reproduction of the 
audio frequency in the receiver. 

Receiver Circuits 

The Power Supply—Each receiver has a power supply. 
Its purpose is to convert 115 volts AC from an electrical 
outlet (or to provide DC if the receiver is battery-operated) 
to voltages that will operate the receiver properly. 

ANTENNA CARRIER AND 
AUDIO ENVELOPE 

/ 

_ 

ANTENNA AND MIXER 

nnM> 
MIXER 

FROM OSCILLATOR 

TO IF 
imp,. AMPLIFIER 

The Antenna and Mixer—Carrier frequencies from all 
stations within range of a receiver appear on the antenna 
of the receiver. When you turn the dial of your radio to 
a specific station, you adjust the electronic components of 
the mixer input so that the receiver will accept a particular 
carrier frequency and reject all others. The received carrier 
enters the mixer to be amplified. Some radios have, in addi-
tion, an RF amplifier between the mixer and antenna. 

Q28. What part of the received radio wave does the 
receiver convert back into original sound? 

Q29. A radio wave decreases in power as the circum-
ference of its area increases. What is the approxi-
mate amount of voltage that enters the receiver 
antenna? 

Q30. The converts AC to voltages 
required to operate the receiver circuits. 

Q31. A single broadcast frequency appears at the input 
of the (antenna, mixer). 
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A28. The amplitude modulation (or audio envelope). 

A29. A few thousandths or millionths of a volt. 

A30. The power supply converts AC to voltages re-
quired to operate the receiver circuits. 

A31. A single broadcast frequency appears at the input 
of the mixer. 

The Oscillator—The receiver oscillator is similar to its 
counterpart in the transmitter. Both generate a signal of 
constant frequency and amplitude. The purpose of the re-
ceiver oscillator is slightly different, however. It is designed 
to generate a frequency that is a constant number of kilo-
cycles above the carrier frequency, regardless of the station 
to which the receiver is tuned. The tuning dial changes the 
values of the electronic components in the frequency-gen-
erating circuit of the oscillator at the same time it is 
adjusting the frequency-reception components of the mixer. 
The arrangement of adjustable components is such that the 
oscillator will always be tuned 456 kilocycles ( or a similar 
frequency) above the frequency of the carrier being accepted 
by the mixer. The output of the oscillator is fed to the 
mixer, as shown in the diagram below. 

MIXER, OSCILLATOR, AND IF AMPLIFIER 

41,44,1,-RF 

FROM 
ANTENNA 

MIXER 

IF 

IF AMPLIFIER 

OSCILLATOR 
FREQUENCY 

IF 

TO 
DETECTOR 

OSCILLATOR I 

The Mixer—The carrier and oscillator frequencies com-
bine in the mixer tube and four different frequencies appear 
at the output. One of these four is the difference between 
the oscillator and the carrier frequencies, and is usually 456 
kilocycles. The other three are rejected by the next stage. 
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The IF Amplifier—The abbreviation for intermediate fre-
quency is IF. In most home receivers the IF is 455 or 456 
kc. Amplifying a single frequency in the IF circuit is much 
easier and causes less distortion than if it were necessary 
to tune this amplifier to each of the many station fre-
quencies. The only purpose of this stage is to amplify the 
IF (which still retains the original audio frequency) and 
pass it on to the detector. 

DETECTOR 
DETECTOR 

umml> z> 
FROM IF 
AMPLIFIER 

 TO AUDIO 
AMPLIFIER 

The Detector—The purpose of the detector is to remove 
the audio component from the IF waveform. The audio 
envelope is the same (although reversed) at the top of the 
waveform as it is at the bottom. The detector circuit is so 
designed that it accepts only the audio frequency at the 
top and rejects the IF frequency in the waveform. 

AUDIO 

AMPLIFIER 
AND 

SPEAKER 

FROM 
DETECTOR 

P 
ma> 

AUDIO 

AMPLIFIER 

The Audio Amplifier—The final circuit in the receiver 
amplifies the AF fed to it by the detector. The amount of 
amplification can be varied by the volume-control knob on 
the front of the receiver. The output of the audio amplifier 
is applied to the speaker voice coil, causing the speaker cone 
to reproduce the sound that originated at the studio. 

Q32. The   removes the AF from the IF 
waveform. 

Q33. The oscillator develops a signal at a constant 
 and  

Q34. A converter combines the functions of   
and  
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A32. The detector removes the AF from the IF wave-
form. 

A33. The oscillator develops a signal at a constant 
amplitude and frequency. 

A34. A converter combines the functions of mixer and 
oscillator. 

FREQUENCY MODULATION 

The transmitter and receiver with which you have just 
become familiar employs amplitude modulation (AM) to 
carry the audio. Another method of superimposing audio 
on a carrier is called frequency modulation (FM). Its 
process is quite different. The two are compared below. 

AM 

'RF CARRIER 

f EQUALS, 
AUDIO FREQUENCY 

FREQUENCY MODULATION 

AMPLITUDE 
MODULATION 

I il 

OR 

FM 

Both AM and FM start out with a carrier frequency and 
an audio frequency (sound originating in the studio). In 
amplitude modulation, as you already know, the sound is 
superimposed on the carrier frequency (which is constant) 
by varying the carrier amplitude in conformance with the 
voltage and frequency of the audio. 

In FM, however, the audio is mixed with the RF in such 
a way that the carrier frequency is varied in accordance 
with the amplitude of the sound. As the audio cycle goes 
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positive, carrier frequency increases. When the audio cycle 
goes negative, carrier frequency decreases. The sum of the 
two changed frequencies in one audio cycle is still equal to 
the original carrier frequency. 
One of the advantages of frequency modulation is its 

freedom from distortion. Noise and other forms of dis-
torting voltages in the atmosphere or receiver are added to 
amplitude modulation. Since FM does not depend on a 
changing amplitude to carry audio, noise has little or no 
effect on it. This is part of the reason for the clarity of 
sound that you get from an FM receiver. 

ATMOSPHERIC 
NOI SE 

AM RECE IVER FM RECEIVER 

Q35. In AM, the carrier   changes to 
match the audio. 

Q36. In FM, the carrier   changes to 
match the audio. 

Q37. An FM receiver is (more, less) subject to atmos-
pheric noise than an AM receiver. 

WHAT YOU HAVE LEARNED 

1. Radiant energy is given off by electromagnetic waves. 
The electromagnetic spectrum includes cosmic rays, X 
rays, visible and invisible light, infrared, radar, as well 
as radio waves. 

2. A radio transmitter is a device that produces electro-
magnetic waves in the radio portion of the spectrum. 
Its essential functions are the development and ampli-
fication of a carrier frequency and modulating it with 
an amplified audio frequency. A specific carrier fre-
quency is assigned to each radio station. The distance 
that the carrier, with its superimposed audio, travels 
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Your Answers Should Be: 

A35. In AM, the carrier amplitude changes to match 
the audio. 

A36. In FM, the carrier frequency changes to match 
the audio. 

A37. An FM receiver is less subject to atmospheric 
noise than an AM receiver. 

is determined by the power that is developed in the 
final stage of the transmitter. 

3. Energy in the form of voltage and current is fed from 
the transmitter to an antenna. This sets up electric 
and magnetic fields around the antenna that expand and 
collapse at the frequency of the carrier. Part of the 
energy is in the form of electromagnetic radiations and 
is transmitted through the atmosphere. The farther it 
travels, the weaker the signal becomes. 

4. All carrier signals within range are picked up by the 
receiver antenna. The tuning control on the front of 
the receiver adjusts the input of the mixer so that only 
the desired station carrier frequency is received. At 
the same time, it adjusts an oscillator to generate an 
IF above the carrier frequency. Carrier and oscillator 
frequencies are joined in the mixer and the difference 
between the two, the intermediate frequency, is ampli-
fied and fed to the IF amplifier. Here the signal and 
its audio component are further amplified. The next 
stage (detector) extracts the audio component and 
passes it to the final stage (audio amplifier). The audio 
is amplified and fed to the speaker, causing the cone to 
reproduce the sound that originated at the studio. 

5. Amplitude (AM) and frequency (FM) modulation are 
two methods of transmitting audio on a carrier. When 
AM is used, the amplitude of the carrier varies accord-
ing to the loudness (amplitude) and frequency of the 
audio. In FM, the frequency of the carrier is varied 
instead of the amplitude. FM transmissions are less 
bothered by atmospheric and receiver noises. 
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15 

Television. 
Transmitters 
and Receivers 

In 1hi chapter you will 

What You learn how a television 
transmitter develops both 

Will Learn picture and sound signals. 
You will gain more knowl-

edge about antennas and the problems of sending elec-
tromagnetic waves through the atmosphere. You will 
also become familiar with how a television receiver 
converts electronic signals into picture and sound repro-
ductions. Learning the basic principles of television 
transmitters and receivers is no more difficult than 
learning the principles of radio. The basic electronic 
principles are the same for both. You will find this to 
be true for any electronic equipment, regardless of how 
complicated it may seem. 

THE TELEVISION TRANSMITTER 

There is actually very little difference between radio and 
television transmitters. As you recall, the functional block 
diagram of a radio transmitter contains a microphone; an 
audio-frequency section, a carrier-frequency section, and an 
antenna. A television transmitter has more operations to 
perform than a radio transmitter. Its functional block dia-
gram, therefore, contains more sections. The functions of 
the two transmitters are quite similar, however. 
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Functional Block 

The radio transmitter has the single problem of putting 
sound on a carrier. The TV transmitter must modulate two 
carriers, one with sound and the other with video (picture). 

A TV-Transmitter 
Functional 

Block Diagram 

.11> AUDIO-
CARRIER 
FREQUENCY 

ANTENNA 

Video-Frequency Functions—The only difference between 
the functional blocks of a radio transmitter and a TV trans-
mitter is the addition of a video-frequency function in the 
TV transmitter. The audio-frequency section is in a sep-
arate channel of its own. Shown in the TV block diagram 
is a camera which sends a weak picture signal to the video-
frequency section to be amplified. The output of this sec-
tion is a video frequency (higher than audio) used to mod-
ulate a very high frequency (VHF) generated in the carrier 
block. Superimposing the video (picture) on the carrier is 
done by amplitude modulation, the same process used in 
an AM radio transmitter. 
Audio-Frequency Functions—A microphone feeding a sig-

nal to the audio-frequency section is shown at the bottom 
of the illustration above. The sound signal from this micro-
phone is amplified and used to frequency-modulate a sep-
arate carrier. This modulated carrier is then fed to an 
antenna. In effect, there are two transmitters for TV— 
one for transmitting the picture and the other for trans-
mitting the sound. In practice, a single antenna is usually 
used to transmit both carriers. 
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THE TV AUDIO TRANSMITTER 

As previously stated, a TV audio transmitter uses the 
frequency modulation method. In the preceding chapter, 
you learned that FM is a process in which the frequency 

t\i‘ 
CARRIER LOWER FREQUENCY ; HIGHER FREQUENCY 

Frequency Modulation 
of a carrier is varied in accordance with the amplitude of 
an audio signai 

BLOCK DIAGRAM OF AN FM TRANSMITTER ANTENNA 

CARRIER 
OSCILLATOR 

tPHASE   
SHIFTING 

MI CROPHONE 

I _spi AUDIO AMPLIFIER 00, 

Ql. The sections of a functional block diagram of a 
radio transmitter are a microphone,   

and antenna. 

Q2. Sound in an AM radio transmitter is placed on 
the carrier as a(an)   
 ; in a television transmitter, it 
is done by  

Q3. An audio frequency modulates a sound carrier; 
a(an)   frequency modulates a picture car-
rier. 

Q4. The outputs of the   and 
  blocks of the sound 
transmitter are fed to the modulator. 
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Your Answers Should Be: 

Al. The sections of a functional block diagram of a 
radio transmitter are a microphone, audio fre-
quency, carrier frequency, and antenna. 

A2. Sound in an AM radio transmitter is placed on the 
carrier as an amplitude modulation; in a television 
transmitter, it is done by frequency modulation. 

A3. An audio frequency modulates a sound carrier; a 
video frequency modulates a picture carrier. 

A4. The outputs of the phase shifting and audio ampli-
fier blocks of the sound transmitter are fed to the 
modulator. 

Audio Modulation of the Carrier 

The oscillator in an FM transmitter, as in any other trans-
mitter, develops a constant frequency at a uniform ampli-
tude. The output of the oscillator is simultaneously fed to 
a carrier amplifier (where it is increased in amplitude) and 
to a phase-shifting circuit. A single cycle is shown in the 
oscillator block below. The same cycle appears in the out-
put of the carrier amplifier. The corresponding cycle in the 
phase-shifting circuit shows that the signal has been shifted 

MAU 

OSCILLATOR 

CARRIER 
AMPLIFIER 

PHASE SHIFT 

(moved) to the right a quarter of a cycle. This is called 
phase shifting. The starting, maximum positive, return-to-
zero, maximum negative, and ending points occur one quar-
ter of a cycle later in the lower block than they do in the 
upper block. Since there are 360° (one way of designating 
the period of a sine-wave cycle) in a complete cycle, the 
lower waveform has been shifted in phase by 90°. 
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Modulator—Amplified sound signals from the audio ampli-
fier and the phase-shifted carrier frequency meet in the 
modulator. The result of the meeting is a modulated output 
with an amplitude that varies in accordance with the ampli-
tude of the audio, but still phase-shifted a quarter cycle. 

14  CARRIER 
AMPLIFIER 

wi>  
MODULATOR 

PHASE-SHIFTED AUDIO 
AND 

CARRIER JOINED IN MIXER 

Mixer—This circuit mixes the outputs of the carrier 
amplifier and the modulator to produce a variable frequency. 
This new signal is the carrier frequency changed by an 
amount determined by the amplitude variations of the audio. 
If the two inputs to the mixer had been in phase, this fre-
quency variation of the carrier could not have occurred. 
Since equivalent points of the two waveforms are changing 
at different times, the audio variations of the modulator 
signal either add cycles to or subtract cycles from the con-
stant frequency of the carrier. When the audio content of 
the modulator frequency goes positive, it causes a corre-
sponding decrease in frequency of the carrier. When the 
audio content goes negative in its cycle, the carrier fre-
quency increases a proportionate amount. The output of the 
mixer then is the basic carrier changing in frequency in 
accordance with the amplitude of the original sound. 

Q5. The frequency of any transmitter is generated in 
a(an)  circuit. 

Q6. The phase-shifting circuit changes the phase (start-
ing point) of the sine wave a(an)   of 
a cycle, or -- degrees. 

Q7. Modulation occurs ( before, after) power is ampli-
fied. 

Q8. The audio frequency is placed on the carrier by 
 to and from the car-
rier cycles. 
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Your Answers Should Be: 

A5. The frequency of any transmitter is generated in 
an oscillator circuit. 

A6. The phase-shifting circuit changes the phase 
(starting point) of the sine wave a quarter of a 
cycle, or 90 degrees. 

A7. Modulation occurs before power is amplified. 

A8. The audio frequency is placed on the carrier by 
adding to and subtracting from the carrier cycles. 

Amplifying the Modulated Carrier 

Multiplier—The purpose of the multiplier stage is to 
amplify and increase the frequency of the modulated car-
rier. In some transmitters, several such circuits may be 
required. In addition to raising the amplitude of the carrier 
to that which is required for transmission purposes, multi-
plying the frequency also makes the modulated variations 

Mixer, Multiplier, and 
Power Amplifier 

MIXER el> MULTIPLIER 
am> POWER IIle  

AMPLIFIER 

more pronounced. Those portions of the audio signal having 
higher amplitudes cause a wider variation of the carrier fre-
quency than do those portions having lower amplitudes. 
Amplifier—You will note that the carrier is modulated 

prior to the power amplifier stage. In amplitude modulation 
it is necessary to superimpose the audio in the final power 
stage, which is usually at very high power. Since the final 
amplifier of the audio-frequency section must have a power 
output that is close to 50% of that of the carrier amplifier, 
tubes and other parts must be large and expensive. In FM, 
the entire modulated carrier is raised to the correct power 
level in a single stage, making the FM transmitter more 
economical in this respect than its AM counterpart. The 
output of the power amplifier goes directly to the antenna. 
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Audio Transmitter Review 

Sound from a television studio is added to the carrier 
wave by frequency modulation. The block diagram below 
shows the transmitter portion which mixes the two fre-
quencies. 

CARRIER 
OSCILLATOR 

I• 

CARRIER 
AMPLIFIER 

PHASE 
SH' FT I NG 

MIXER 

AUDIO 
AMPLIFIER 

MODULATOR 

AUDIO 
ADDED 
TO THE 
CARRIER 

The oscillator generates a stable frequency which is si-
multaneously fed to an amplifier and a phase-shifting net-
work. The phase-shifting stage shifts the frequency by a 
quarter of a cycle. The carrier and the shifted signal are 
no longer in step. The amplified audio from the microphone 
is mixed with the out-of-phase signal in the modulator. The 
output of the modulator is a series of sine waves that vary 
in amplitude in accordance with the amplitude of the original 
sound. 
The outputs of the carrier amplifier and the modulator 

combine in the mixer. The output of the mixer is a signal 
that varies in frequency according to the amplitude of the 
modulating signal. The FM signal is then multiplied in fre-
quency several times and increased in power by the stages 
shown below. 

THE MODULATED CARRIER IS FED TO THE ANTENNA 

FROM "› 
THE MIXER 

MULI IPLILR 
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TV VIDEO TRANSMITTER 

A brief summary of what happens in the TV video trans-
mitter might be helpful before its stages are discussed. 

Functional Block Diagram 
of the 

Video Transmitter 

In the video-frequency section, video signals from the 
camera are amplified and fed to the final power amplifier 
of the carrier-frequency section. Here, the carrier is ampli-
tude-modulated by the video. 
Camera—There are several different types of TV cameras. 

The iconoscope, image dissector, and image orthicon are 
examples. The latter is the type most frequently used in 
TV broadcasts. Although the manner in which they accom-
plish their purposes differs, their basic operating principles 
are the same. 
The camera, much like its photographic counterpart, de-

posits a scene through a lens on a plate within the camera. 
Light rays from all parts of the scene are focused through 
the lens, reproducing the image on the plate. If the plate 
were a photographic negative, the light rays would excite 
deposits of light-sensitive materials in proportion to the 
intensity of light, varying from white through shades of 

gray to black. 

CAMERA 

OPERATING 

PRINCIPLE 

SCENE LENS PLATE 

A similar process occurs in a TV camera. The light-sen-
sitive plate receives a picture of the scene. Tiny areas on 
the chemically treated plate are thereby electrically charged 
in proportion to the light intensity of that part of the scene. 
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Scanning 

A very narrow beam of electrons is moved back and forth 
across the plate from top to bottom. The beam samples the 
intensity of the charge in each of the tiny areas. The 
amount of each charge indicates whether that portion of 
the scene is black, white, or some shade of gray. 

CAMERA PLATE 

A 

SCANNED 30 TIMES 

PORTION OF PLATE SHOWING SCAN LINES 

525 LINES 
OF SCAN 

SOLID LINES 
ACTUAL 

SCANNING 

DOTTED LINES 
BEAM RETURNS 

EACH SECOND ELECTRON BEAM SCANNING 

As shown in part A above, the plate is scanned (move-
ment of electron beam) in a sequence of 525 lines from top 
to bottom. A complete scan of the plate (525 lines each 
time) is made 30 times each second. The same procedure 
is duplicated on the screen of your receiver. In a TV 
receiver with a 17-inch screen, the electron beam in the 
picture tube travels across the screen at the rate of approxi-
mately 13,000 miles per hour. 

Part B shows how this scanning is accomplished. The 
beam moves across the plate in the camera from left to 
right, sampling the intensity of each tiny area it passes. 
At the end of the line the beam is blanked (shut off) and 
returned to the left side of the plate to start the next line. 
The beam is turned on again and samples the second line. 
This process is continued until the bottom of the plate is 
reached. The beam is blanked and returned to the upper 
left-hand corner to start scanning again. When the beam 
is on and moving from left to right sampling the intensity 
on the plate, it is said to be scanning. When it is shut off 
and being returned to a new starting point, it is retracing. 

Q9. The video is placed on the carrier by  

Q10. The image plate is by an electron beam. 

Q11. How many lines does the beam trace each second? 

Q12. How many times a second is the beam blanked? 
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Your Answers Should Be: 

A9. The video is placed on the carrier by amplitude 
modulation. 

A10. The image plate is scanned by an electron beam. 

All. 15,750 lines per second. 

Al2. It is blanked at the end of each line, 15,750 times 
each second. 

Interlaced Scanning 

Because of problems in controlling the beam and of notice-
able flicker to the viewer when line-by-line scanning is per-
formed, the beam is caused to scan every other line. 

1 PORTION Of CAMERA PLATE 

3 

5 

7 

9 

11 

SOLID LINES-
Fl RST SCAN 

DASHED LINES-
SECOND SCAN 13 

Interlaced 

Scanning 

TO BOTTOM OF PLATE 

As the illustration shows, the first scan starts at line 1, 
samples the charged areas, and is retraced to line 3. This 
action continues to the bottom of the plate, scanning the 
odd-numbered lines. When it reaches the bottom, the beam 
returns to the top of the plate and scans the even-numbered 
lines. Each scan, top to bottom, requires 1/60 of a second. 
To scan the entire plate, the beam requires two passes, 
which takes a total time of 1/30 of a second. On the 
receiver screen a new image is being presented on every 
other line 60 times a second, a line-tracing frequency that 
cannot be noticed by the eye. If it were being done at the 
rate of 30 times a second, the eye might be able to see the 
changes, which would be recognized as a flicker. This 
process of scanning every other line is called interlaced 
scanning. The camera thus identifies the light and dark 
areas of a scene and converts this information to currents 
and voltages that change in proportion to the light intensity. 
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Timing Generator 

The timing of the scanning events is very critical. The 
beam of electrons must begin at a precise point near the 
top of the camera plate and scan every odd-numbered line 
in 1/60 of a second. The electron beam must be blanked 
out precisely at the end of every line and at the end of the 
field. A complete scan of all the odd-numbered lines ( or 
even-numbered lines) is called a field. 
When the odd-numbered field has been completed, the 

blanked beam must be returned to a new position at a pre-
cise time to begin scanning the even-numbered field. Each 
action and position of the camera beam must be followed 
precisely by similar action in your TV receiver at home. 
The stage in the TV transmitter that establishes this pre-
cise timing is known as the timing generator, sometimes 
called the blanking or synchronizing stage. 

1 TO CARRIER 
AMPLIFIER VIDEO-FREQUENCY STAGES 

VIDEO 
AMPLIFIERS 

The timing generator in the preceding illustration feeds 
pulse waveforms to the camera tube. The amplitude and 
timing of the pulses are such that they synchronize (cause 
all events to take place at precise time intervals) scanning, 
blanking, retracing, and positioning of the electron beam. 
The same timing pulses (for synchronizing the same events 
in the receiver) are fed, with the amplified video, to another 
stage of video amplifiers. From this point the entire sig-
nal—video and timing pulses—is passed to the final ampli-
fier of the carrier for modulation purposes. 

Q13.  scanning skips every other line. 

Q14. By this method, a line on the receiver screen is 
changed -- times a second. 

Q15. Scanning is synchronized by a(an)   

Q16. What is contained in the video-output amplifiers? 
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Your Answers Should Be: 

A13. Interlace scanning skips every other line. 

A14. By this method, a line on the receiver screen is 
changed 60 times a second. 

A15. Scanning is synchronized by a timing generator. 

A16. Video and timing pulses. 

Video Modulation 

The video and timing pulses are placed on the carrier fre-
quency by amplitude modulation. The process is similar to 
the method used by AM radio stations. 
Video Signals—As you have learned from the preceding 

discussion, a video signal contains a great deal of informa-
tion. A series of video waveforms is shown below. Re-
member that a waveform contains only two dimensions— 
amplitude and time. 

COMPLETE VIDEO FOR TWO SCANNED LINES 

+ 

1...1 

CI 
o 

_1 

C_ 

< 

o-

BLANKING PULSE FOR 
RECEIVER - COINCIDES ILN,ITH CAMERA BLANKING 

A 

,z 

GRAYS 

I 

_ 

UM 

SYNCHRONIZING PULSE /FOR CAMERA AND 
RECEIVER TIMING 

BLACK 
r•-....(-- IMAGE 

AN. 

•-•-11.- C 

WHITE 
IMAGE 

Carrier Frequency—The carrier-frequency section is sim-
ilar to the same circuits in a broadcast radio transmitter. 
(See the diagram on the opposite page.) 
The oscillator generates a continuous and constant fre-

quency. The output of the oscillator is increased in fre-
quency and amplitude by the multiplier and amplifier 
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sections. In the power amplifier, the carrier is raised to the 
desired power level required by the station, and is ampli-
tude-modulated by the video signal. 

TV Carrier Frequency 

OSCILLATOR 

MULTIPLIERS 

AND 
AMPLIFIERS 

m> POWER 
AMPLIFIERS 

ANTENNA 

FROM VI DEO  
AMPLIFIER 

For VHF (very high frequency—channels 2 to 13), the 
frequency of the carrier is between 54 and 216 megacycles. 
For UHF ( ultra high frequency—channels 14 to 83), the 
carrier is between 470 and 890 megacycles. Transmission of 
signals at these frequencies is quite different from that for 
the lower radio frequencies. High frequencies have short 
wavelengths. A wavelength is the time duration, or length, 
of one cycle. The higher the frequency of a signal, the 
shorter is its wavelength. 

Q17. The image scanned by the camera is changed into 
a(an)  frequency. 

Q18. A video signal has   and 
dimensions. 

Q19. In the diagram on the opposite page, a full video 
cycle is from (A to B, B to C, A to C). 

Q20. The beginning of a scanned line on the receiver 
screen coincides with ( A, B, C). 

Q21. Using the same letters, the electron beam is re-
tracing between time and time 

Q22. A black image appears on a (more, less) positive 
voltage than a shade of gray. 

Q23. During retrace time in a video cycle, two pulses 
appear. What are they? 

Q24. How many cycles are shown in the figure above? 

Q25. VHF has (shorter, longer) wavelengths than UHF. 

Q26. A TV video signal is modulated. 
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Your Answers Should Be: 

A17. The image scanned by the camera is changed into 
a video frequency. 

A18. A video signal has amplitude and time dimensions. 

A19. In the diagram, a full video cycle is from A to C. 

A20. The beginning of a scanned line on the receiver 
screen coincides with B. 

A21. Using the same letters, the electron beam is re-
tracing between time A and time B. 

A22. A black image appears as a more positive voltage 
than a shade of gray. 

A23. During retrace time in a video cycle, two pulses 
appear. They are blanking and synchronizing 
pulses. 

A24. Two cycles are shown in the figure. 

A25. VHF has longer wavelengths than UHF. 

A26. A TV video signal is amplitude modulated. 

TELEVISION TRANSMITTING ANTENNAS 

An antenna, as you recall, develops an electromagnetic 
field around itself when current is passing through it. Cur-
rent flows back and forth through an antenna in accordance 
with the rise and fall of the carrier-waveform frequency 
and amplitude. 

Television Wave Propagation 

Since the wavelength of a TV carrier is shorter than that 
of a radio-broadcast carrier, the length of the TV antenna 
is correspondingly shorter. There is also a difference in the 
way short and long wavelengths travel through space. 

RADIATED sP4c,_ LONG WAVES 
e 

GROUND WAVES 
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The diagram illustrates the propagation ( travel of elec-
tromagnetic radiation) of long waves as they radiate from 
the antenna of a commercial radio station. The frequency 
is between 535 and 1,605 kilocycles. The radiated energy 
has a space wave that travels essentially in a straight line. 
Low frequencies also have a ground wave that hugs the 
ground until the radiated power decreases so much with 
distance that reception is no longer possible. 
The short wavelengths of a television transmission de-

pend on a different method of wave propagation. 

RADIATED SHORT WAVES 
SKY WAVES 

SPACE WAVES 

REFLECTED 
SKY WAVE 

High frequencies radiate a space wave and a sky wave. 
Both of these waves travel essentially in straight lines. To 
receive a space wave, the receiving antenna must be within 
line-of-sight of the transmitting antenna. If the receiving 
antenna is beyond the horizon, the space wave (if it still 
retains sufficient power) passes over it. 
Sky waves, also traveling in a straight line, head out into 

space. When the sky waves are 50 to 75 miles out, depend-
ing on the time of day, they encounter the ionosphere, a 
layer of charged particles that cause the short-wave radia-
tions to bend. Waves that enter the ionosphere at a sharp 
angle are bent back to earth. At an angle close to 90° 
(perpendicular), the bending is not enough for the signal 
to return to earth, so it continues to travel toward higher 
altitudes. If they are of sufficient power, reflected sky 
waves can sometimes be picked up by receiving antennas. 

Q26. TV frequencies have and — -- waves. 

Q27. _—_ waves may be reflected by the ionosphere. 

Q28. TV radiations are (short, long) waves. 
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RF SECTION 

Your Answers Should Be: 

A26. TV frequencies have space and sky waves. 

A27. Sky waves may be reflected by the ionosphere. 

A28. TV radiations are short waves. 

THE TELEVISION RECEIVER 

There are many different models of TV receivers. They 
differ in the types and numbers of circuits used, as well as 
in the size of picture tube and style of cabinet. Since they 
all must process the same signals from a TV transmitter, 
the function of their circuits must be identical. 

Block Diagram of a TV Receiver 
ANTENNA 

SOUND 
---- SECTION 

AMPL I 
F I ER m> 

VI DEO 
SECTION m b, 

SPEAKER 

-I PI CTURE TUBE 

SYNC 
SEPARATOR 

LOW VOLTAGE 
POWER SUPPLY 

FOR ALL 
CIRCUITS 

VERTICAL 

1. SCANNING 

CIRCUITS 

The illustration above shows a single antenna bringing 
both the FM sound carrier and the AM video carrier to the 
RF (radio frequency) circuits. This is satisfactory since 
the sound- and video-carrier frequencies are fairly close 
together (the sound carrier is 4.5 megacycles higher). 
Both carriers are amplified and converted into an inter-

mediate frequency (IF). The IF signals are amplified and 
then separated, each being sent to its proper section. In 
the sound section, the audio component of the frequency-
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modulated wave is extracted and sent to the speaker. In 
the video section, the picture signals and blanking pulses 
are taken from the amplitude-modulated wave and sent to 
the cathode-ray (picture) tube. 
Synchronizing (sync) pulses time the controlling voltages 

of the vertical and horizontal circuits. Outputs of these 
stages cause the image to be placed on the screen of the 
cathode-ray tube. 

RF Section 

In most TV sets the RF section (sometimes called the 
front end or tuner), normally consists of an RF amplifier, a 
mixer, and an oscillator. 

RF SECTION OF A TV RECEIVER 

VI DEO 

SIGNAL 

TO IF 
AMPLIFIER 

Dashed lines to two or more circuits in a diagram indicate 
that a single control has an effect on each circuit or part 
indicated. 

Q29.   and   carriers are received by a 
single antenna. 

Q30. The two frequencies differ by -- megacycles. 

Q31. The carrier containing the synchronizing pulses is 
at a (lower, higher) frequency than the audio 
carrier. 

Q32. Outputs from the RF section are fed to the 
 and sections. 

Q33. What stages are tuned by the receiver channel 
selector switch? 

Q34. What section delivers the picture image to the 
picture tube? 
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Your Answers Should Be: 

A29. Sound and video carriers are received by a single 
antenna. 

A30. The two frequencies differ by 4.5 megacycles. 

A31. The carrier containing the synchronizing pulses 
is at a lower frequency than the audio carrier. 

A32. Outputs from the RF section are fed to the sound 
and video sections. 

A33. RF amplifier, mixer, and oscillator stages are 
tuned by the selector switch. 

A34. The video section delivers the picture image to 
the picture (cathode-ray) tube. 

RF Amplifier—All the TV station carriers reaching your 
receiver appear at the input of the RF amplifier. In select-
ing a channel, the tuner provides the right combination of 
inductance and capacitance in this circuit so that only the 
video- and sound-carrier frequencies of that channel are 
amplified. All other channel frequencies are rejected. There 
are very few receivers that do not have an RF amplifier. 
Mixer and Oscillator—The mixer is tuned to the same 

frequency as the RF amplifier. Its purpose is to develop the 
intermediate frequency for the IF amplifiers located in the 
sound and video sections. The mixer (converter) does this 
in the same manner as the mixer in the AM radio receiver. 
The oscillator develops a frequency that is the desired IF 
above the video- and sound-carrier frequencies. The oscil-
lator and carrier frequencies are mixed to produce the IF 
difference frequency at the output of the mixer. This fre-
quency is then fed to the IF amplifiers with the appropriate 
video and sound modulations still existing. 

Fine-Tuning Control—Most sets have a fine-tuning control 
in addition to the channel selector. The fine-tuning con-
trol adjusts the value of a component (usually a capacitor) 
in the oscillator circuit. The change in value of this com-
ponent causes an appropriate change in the frequency of 
the oscillator, allowing the IF for sound and video to be 
tuned more precisely. 
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Sound Section 

You may have noticed the similarity between the mixer 
and oscillator of a radio receiver and the corresponding 
circuits in a TV receiver. In fact, most of the circuits of 
the sound section are similar in operation to those found 
in an FM radio. 

— TV-RECEIVER VIDEO SECTION — 

In> IF 

AMPLIFIER 
DETECTOR 

AUDIO 
AMPLIFIER 

SPEAKER 

IF Amplifiers—The IF signal contains both frequency and 
amplitude modulation. The IF frequency is usually near 45 
megacycles, which is a much higher frequency than the 
455-kc IF usually found in an AM radio. This higher IF 
frequency modulated by both the audio and video signals 
is more difficult to amplify. Thus, the gáin (amount of 
amplitude increase between circuit input and output) is 
low, and more than one stage of IF amplification is neces-
sary. Depending on the quality of the receiver, the IF sec-
tion will have two, three, or four IF amplifiers, one after 
the other. This row of amplifying circuits is sometimes 
called the IF strip. 

Q35. Front end is another name for the --

Q36. What are the two carriers that enter the RF 
amplifier from the antenna? 

Q37. What are the frequencies that become inputs to 
the mixer? 

Q38. The selector switch tunes the mixer to the same 
input frequency as the   

Q39. The oscillator is tuned to a (higher, lower) fre-
quency than the video carrier. 

Q40. IF amplifiers are circuits in both the and 
 sections. 

Q41. There are (more, fewer) circuits in a TV IF strip 
than in the similar section of a home radio. 
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Your Answers Should Be: 

A35. Front end is another name for the RF section. 

A36. Sound and video carriers enter the RF amplifier 
from the antenna. 

A37. Sound, video and oscillator frequencies are inputs 
to the mixer. 

A38. The selector switch tunes the mixer to the same 
input frequency as the RF amplifier. 

A39. The oscillator is tuned to a higher frequency than 
the video carrier. 

A40. IF amplifiers are circuits in both the sound and 
video sections. 

A41. There are more circuits in a TV IF strip than in 
the similar section of a home radio. 

Sound Detection and Amplification 

Because the TV sound is contained in the form of fre-
quency modulation, the method for removing the audio 
component is different from that for AM. 

A Frequency-Modulated Wave 

6-I 

LOUD VOLUME 
LOW-FREQUENCY 

AUDIO 

A A A 
MODULATED WAVE 

V VD 

AUDIO COMPONENT 

I 

LOW VOLUME LOUD VOLUME 
LOW-FREQUENCY , HIGH-FREQUENCY 

AUDIO AUDIO 

The Detector—FM and AM detectors have the same pur-
pose—to remove the audio component from the modulated 
intermediate frequency. For FM, the variations in fre-
quency are changed into voltage variations by the detector. 
The output of the detector (quite frequently called a dis-
criminator because it discriminates between AF and IF), is 
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an audio frequency representing the tone and amplitude of 
the sound originating at the studio. 
The difference in volume, as shown in the illustration, is 

determined by the distance between cycles of the carrier 
(or IF). For a given carrier, its frequency is the same for 
each cycle of audio. Carrier frequency decreases (cycles 
farther apart) during the positive portion of an audio wave 
and increases (cycles closer together) during the negative 
portion. The greater the volume of the audio, the greater 
is the difference in carrier frequency between the positive 
and negative half cycles of the audio. A weaker volume 
shows less difference (carrier frequency will be more uni-
form throughout the audio cycle) between positive and 
negative half cycles of the audio. 
High and low tones are determined by the number of 

times the periodic carrier-frequency variations repeat them-
selves. For low audio tones, repetition of cycles (audio 
frequency) is less often. For high tones, repetition of cycles 
occur a greater number of times per second. 
The Audio Amplifier—The purpose and method of am-

plifying audio are identical in AM and FM receivers. The 
amplifier in either system raises the amplitude of the pure 
audio signal to the level required for operating the speaker. 
The volume control and tone control ( if the TV set has one) 
are normally separate variable resistances in the first of two 
audio-amplifier stages. 

Q42. Detectors are designed to remove  
modulation from the   fre-
quency. 

Q43. The audio component of an FM signal is removed 
by a(an)  circuit. 

Q44. In frequency modulation, the distance between 
cycles of the carrier frequency determines the 
(volume, tone) of the sound. 

Q45. A high tone requires (more, less) repetition of the 
IF variations than a low tone. 

Q46. A discriminator separates the modulation fre-
quency from the  
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Your Answers Should Be: 

A42. Detectors are designed to remove amplitude mod-
ulation from the intermediate frequency. 

A43. The audio component of an FM signal is removed 
by a discriminator circuit. 

A44. In frequency modulation, the distance between 
cycles of the carrier frequency determines the 
volume of the sound. 

A45. A high tone requires more repetition of the IF 
variations than a low tone. 

A46. A discriminator separates the modulation fre-
quency from the intermediate frequency. 

Video Section 

The purpose of the video section is to amplify the modu-
lated picture signal and distribute its signal components to 
the correct stages of the set. 

FROM IF 

MIXER- AMPLIFIERS 
31> 

TV-Receiver 
Video Section 

VI DEO , VIDEO 
DETECTOR AMPLIFIER 

Y 

1-1  
CATHODE-

4 16 RAY TUBE 

IF Amplifiers—The output of the IF amplifiers contains 
the video signal and is fed to the video detector, as shown 
in the diagram. 

Contrast Control—The contrast control is actually a vari-
able resistance in one of the video-amplifier stages. Its 
purpose is to vary the amount of output from the amplifier 
with which it is associated. This increases or decreases the 
amplitude difference between the voltages representing the 
white and black portions of the image. If the amplifier out-
put is increased, the difference between the two voltages 
becomes greater and the contrast is increased. 
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Video Detector--Like the detector used in an AM radio, 
a TV video detector is usually a diode. As you remember 
from a previous chapter, a diode conducts current in one 
direction only. When the modulated signal is applied, the 
detector conducts only during the time the waveform is 
going positive. The varying frequency representing the 
sound, and the negative portion of the video signal cannot 
pass through the detector stage. Therefore, the output of 
the detector is identical to the picture signal as it left the 
camera and before it was placed on the carrier. 

VIDÉO AMPIIFIER 

AND 

DC RESTORER 

FROM RI> 
DETECTOR 

TO SYNC 
SEPARATOR 

Video Amplifiers—The output of the detector is a rela-
tively weak signal, not strong enough to cause a reproduc-
tion of the picture. Video amplifiers are therefore required 
to achieve the necessary signal amplitude. These must be 
wide-band amplifiers because the frequency content of the 
picture signal covers a wide frequency range. 
The output from the video-amplifier section is the reverse 

(upside-down) of the waveform that entered its input. This 
is the condition of the waveform that is desired. If the 
image and blanking pulses were positive going instead of 
negative going, the blacks of the image would appear as 
whites, and the whites as blacks. 

Q47. The contrast control changes the amount of 
 of a video amplifier. 

Q48. The video detector selects the ( positive, negative) 
portion of the picture signal and rejects the 
  frequency. 

Q49. In the output of the video-amplifier section the 
sync pulse has a voltage (more, less) negative 
than the image. 
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Your Answers Should Be: 

A47. The contrast control changes the amount of out-
put of a video amplifier. 

A48. The video detector selects the positive portion of 

the picture signal and rejects the intermediate 
frequency. 

A49. In the output of the video-amplifier section the 
sync pulse has a voltage more negative than the 
image. 

Image Display 

In the illustration below, zero voltage is shown on the 
reference line. Any portion of the signal below this line is 
negative. As you recall, the camera image produces a signal 
in which whites are more positive than blacks and grays, 
and grays more positive than the blacks. The cathode-ray 
tube places the image on the screen with an electron beam 
similar to that used for scanning in the camera. Video 

VIDEO WAVEFORM CONTENT 
o 

IMAGE FOR ONE 
LINE OF SCAN 

SYNC 
PULSE 

fr^1 jv 

BLANKING 
PULSE 

WH ITE 
SIGNAL 

SHADES 
OF GRAY 

  BLACK 

SIGNAL 

signals fed to the cathode-ray tube control the number of 
electrons striking the fluorescent screen. The fluorescent 
material on the screen gives off light in proportion to the 
number of electrons that strike it. 
To reproduce blacks, the beam must be shut off. Whites 

require a maximum number of electrons. The video signal 
controls the number of electrons by the value of its nega-
tive voltage. Negative voltage repels electrons. A highly 
negative portion of the image signal (black) stops electron 
flow completely. 
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DC Restorer—To achieve proper values of the image and 
blanking voltages that control the number of electrons in 
the beam, a definite voltage reference level must be estab-
lished and maintained. In other words, zero voltage is the 
reference shown in the illustration, and must be at the top 
of the waveform. If the waveform varies above or below 
this zero reference, the video and blanking will not appear 
on the screen properly. The circuit in most TV sets that 
maintains this level is called a DC restorer. 

SYNC AND BLANKING PULSES 
  BLANKING 
r ein"- PULSES 

FROM VIDEO 
AMPLIFIER 

SYNC PULSES 
--u-r--r-

Brightness Control—Another front-panel adjustment, the 
brightness control, is a variable resistor in the picture-tube 
circuit. The purpose of this control is to adjust the position 
of the waveform on the zero reference level to a point that 
provides the best screen brightness for viewing purposes. 
If the control is adjusted so that the near-white amplitudes 
in the image are brought closer to the zero reference, more 
electrons strike the screen, making it brighter. When the 
control is turned in the other direction, so that even the 
white amplitudes are below the zero reference, fewer elec-
trons strike the screen and the entire picture is darker. 

Q50. The screen of a cathode-ray tube glows brighter 
if ( more, fewer) electrons strike it. 

Q51. To put "black" on the picture tube, the voltage 
representing black in the video waveform must be 
as (negative, positive) as the pulse. 

Q52. A zero reference level of the video waveform is 
established by the  

Q53. The   adjusts the 
zero reference level for the desired brightness of 
the screen. 
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A50. The screen of a cathode-ray tube glows brighter 
if more electrons strike it. 

A51. To put "black" on the television screen, the volt-
age representing black in the video waveform 
must be as negative as the blanking pulse. 

A52. A zero reference level of the video waveform is 
established by the DC restorer. 

A53. The brightness control adjusts the zero reference 
for the desired brightness of the screen. 

Scanning 

In the discussion thus far, video and blanking pulses have 
been fed to the cathode-ray tube for each scanned line of 
the picture waveform entering the set. The picture portion 
of the waveform controls the intensity of the electron beam, 
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while the periodically appearing blanking pulses shut the 
beam off at the proper intervals. 
Some method is needed to move the beam on the receiver 
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screen from side to side and top to bottom in synchroniza-
tion ( in step) with the action that takes place in the camera. 
Each of the video waveforms represents one particular scan 
line among the 525 lines that should appear on the screen 
for a complete picture. Up to this point all of the video 
waveform has been used except the small sync pulses that 
are on top of the blanking pulses. 
There are 525 horizontal lines in a complete picture on 

a TV screen. Each line represents an image line scanned 
by the TV camera and a screen line to be swept (reverse of 
scan) by the electron beam in the TV tube. The entire 525 
lines are called a frame. 
The camera sweeps every other line ( interlaced scanning) 

for ease in electronic control and viewing (eliminates 
flicker). The receiver beam must do likewise, sweeping 
every other line precisely in sequence with the camera. In 
the first pass, called a field, the beam must start in the 
upper left-hand corner and trace every odd line, ending at 
the middle of the bottom line for a total of 2621/2 lines ( 1/2 
of 525). The beam must then return to the top center of 
the screen and sweep each even line in sequence, completing 
2621/2 lines of the field at the end of the bottom line. 

In the process, the beam must excite the fluorescent 
screen with the correct intensity indicated by the corre-
sponding portions of the video waveform. At the end of 
each line, the beam is blanked and must be rapidly returned 
to the left to start the next line of the picture. When the 
beam reaches the bottom of the screen, it must be blanked 
again and rapidly returned to the correct position (left or 
middle) at the top to sweep the next field. It must complete 
a field (2621/2 lines) in precisely 1/60 of a second and a full 
frame (complete picture) in 1/30 of a second. 

Q54. There are lines to a field and — — — fields 
to a frame. 

Q55. The sweep of the receiver beam must be 
  with the — _ of the cam-
era beam. 

Q56. The start and the position of each scan line on 
the CRT screen are controlled by the 
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Your Answers Should Be: 

A54. There are 2621/2 lines to a field and two fields to a 
frame. 

A55. The sweep of the receiver beam must be synchro-
nized with the scan of the camera beam. 

A56. The start and the position of each scan line on 
the CRT screen are controlled by the synchroniz-
ing pulses. 

Moving the Electron Beam 

You know that a negative voltage repels and a positive 
voltage attracts electrons. The cathode-ray tube (CRT) 
uses this effect to send an electron beam to the screen and 
control its movement. 

CATHODE-RAY TIME 
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BLANKING SI GNALS 

•I> 

HORIZONTAL 
CONTROL 

SOURCE OF 
ELECTRON BEAM 

- 

VERTICAL 

CONTROL 

10, 000 OR MORE VOLTS 

SCREEN 

The basic construction and connections of a CRT are illus-
trated above. At the left end is shown an electron gun 
which shoots a narrow stream of electrons toward the 
screen. To speed the electrons on their way, the inner sur-
face of the flared portion of the tube has a conductive 
coating energized with a voltage that is several thousand 
volts positive with respect to the electron source. 
The CRT is connected to the output of the last video 

amplifier from which is received the video and blanking 
signals. The CRT element which controls the number of 
electrons responds to the varying amplitude of the video 
and releases the quantity required. This element also stops 
the flow of electrons when the blanking pulse appears. 
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During the time a video signal is present, the beam must 
be moved from left to right across the screen. When the 
beam reaches the right side, the blanking pulse shuts off 
the electrons and the beam moves back to start the next line. 

Moving the Beam 

Across the Screen 

TOP VIEW 

HOR I ZO NTAL-
DEFLECT I ON COIL 

SWEEP 

A horizontal-deflection coil wrapped around the neck of 
the tube moves the beam from side to side. Current mov-
ing through the coil sets up a magnetic field which has an 
attracting and a repelling effect on electrons similar to posi-
tive and negative voltage. The stronger the field, the greater 
is its effect on the beam. To increase the strength of the 
field requires an increase in current through the coil. The 
illustration shows the beam deflected to the left. 
The change in strength of the magnetic field during a 

sweep must coincide with the time duration of the scanned 
line. A gradual rise of current within the coil during this 
time period accomplishes this. The starting time is trig-
gered by the sync pulses that ride on the blanking pulses. 
If the current decreases rapidly at the end of each line 
(during the blanking pulse), the sudden drop in magnetic 
field strength returns the beam to the left very quickly. 
A similar magnetic field is set up by a second coil (the 

vertical-deflection coil) which controls the movement of 
the beam line by line from the top of the screen to the 
bottom. On completion of a field, the beam quickly retraces 
to the top. 

Q57. The electron beam in the CRT is generated by 
a (an)   

Q58. Electrons are drawn to the screen of the CRT by 
a(an)   

Q59.  move the CRT beam. 

Q60. An increase in current through a deflection coil 
(increases, decreases) the magnetic field. 

307 



Your Answers Should Be: 

A57. The electron beam in the CRT is generated by an 
electron gun. 

A58. Electrons are drawn to the screen of the CRT by 
a positive voltage. 

A59. Magnetic fields move the CRT beam. 

A60. An increase in current through a deflection coil 
increases the magnetic field. 

CAUTION: A vacuum exists inside a cathode-ray tube, 
causing tremendous pressures to be exerted toward the 
center of the tube. If dropped, scratched, or carelessly 
jarred, the CRT may implode (explode inward), scatter-
ing pieces of glass and metal at a tremendous velocity. 

Sync Control Circuits 

The beam movement is accomplished by steadily increas-
ing the current flow in each of the deflection coils during 
precise time intervals. The starting times for these inter-
vals are controlled by the sync pulses. 

Sync Control Circuits 
FROM VIDEO 
AMPLIFIER 

Sync Separator—Sync pulses arrive at the sync separator 
from the video amplifier. There is one narrow sync pulse 
for each line of scan. This pulse is intended to control the 
starting time of each horizontal sweep across the screen. 
When one field of 262% lines has been completed, the video 
waveforms are followed by a sync pulse many times wider 
than the horizontal sync pulses. 
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This wide pulse is the trigger that develops a vertical 
sweep to move the beam from line to line down the face 
of the screen. Every other vertical sync pulse starts in the 
middle of a video waveform, accounting for 2621/2 lines in 
each frame of interlace scanning. 

HORIZONTAL SYNC 
.Lee ... 

SYNC PULSES 
1 J. 

VERTICAL SYNC 

L END OF SECOND 
FRAME 

1- START OF FIRST 
FRAME 

.1. J. 

/ 

END OF FIRST —f L START OF SECOND 
FRAME FRAME 

The above illustration shows the comparative widths of 
the horizontal and vertical sync pulses and the relative 
starting times of the first and second frames. The sync 
pulses are removed from the complete video waveform and 
sent to the sync separator. 
The narrow and wide pulses are distributed to the appro-

priate sweep circuits ( horizontal and vertical) by the sync 
separator. This is accomplished by capacitor and resistor 
combinations which can distinguish between voltage wave-
forms with short time durations and those with long 
durations. The short sync pulses are sent to the horizontal-
sweep circuit and the long pulses to the vertical-sweep 
circuit. 

Q61. Timing of the magnetic field developed in the 
 and deflection coils 
is controlled by extracted from 
the video waveform. 

Q62. The sync separator separates the narrow and wide 
timing pulses. The narrow pulses control 
  deflection and the wide pulses 
control   deflection. 

Q63. Horizontal-sync pulses occur during the 
 portion of the video waveform. 
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Your Answers Should Be: 

A61. Timing of the magnetic field developed in the 
horizontal and vertical deflection coils is con-
trolled by sync pulses extracted from the video 
waveform. 

A62. The sync separator separates the narrow and 
wide timing pulses. The narrow pulses control 
horizontal deflection and the wide pulses control 
vertical deflection. 

A63. Horizontal-sync pulses occur during the blanking 
portion of the video waveform. 

Sweep Circuits 

The two sweep circuits (horizontal and vertical) generate 
a linear rising voltage each time they receive a sync pulse. 
The horizontal-sweep circuit is triggered 525 times during 
the same time the vertical-sweep circuit is triggered twice. 

Horizontal-Sweep Circuit—Horizontal sweep is produced 
by an oscillator which generates a slowly rising and rapidly 
decaying sawtooth waveform, whether the set is tuned to a 
transmitting station or not. This accounts for the raster 
(lines on the screen) when the TV receiver is on but no 
signal is being received. 

HORIZONTAL SWEEP CIRCUIT 

R I SE TIME DECAY TIME 

  \ •( 
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SEPARATOR mi> SWEEP me DEFLECTION 
COIL 

The purpose of the sync pulse is to trigger the oscillator 
so that oscillations start at the same time as the line scan 
in the camera. Capacitor and resistor combinations convert 
the oscillations to the sawtooth waveshapes shown in the 
diagram above. Rise time of the sawtooth causes the cur-
rent in the horizontal-deflection coil to increase gradually, 
moving the beam across the screen in step with the line 
scan in the camera. At the end of the line, coil current de-
creases rapidly, returning the beam (which is now blanked) 
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to the left side of the screen. There are 2621/2 lines to each 
frame, so the frequency of the horizontal oscillator must be 
15,750 cycles per second. 

Vertical-Sweep Circuit—The vertical-sweep oscillator and 
amplifier are almost identical to those in the horizontal-
sweep section. The main difference is that the frequency of 
oscillation is much lower-60 times a second, to match the 
frequency at which each field is swept. The rise time (plus 
a short decay time) of the vertical sawtooth lasts for 1/60 
of a second before another vertical-sync pulse arrives to 
start the next waveform. Gradual increase in current in the 
vertical-deflection coil moves the beam from the top to 
the bottom of the screen. The decay of the vertical saw-
tooth waveform brings the beam back to the top in time 
for the next sync pulse. 
Height Control—In most TV receivers a height control 

varies the setting of a variable resistor in the vertical-sweep 
stage. Adjustment of the control moves the starting posi-
tion of the sweep up or down. The resistor controls the 
amount of initial current that flows through the coil. 

High-Voltage Power Supply 

The several thousand volts required for the CRT are 
developed in the high-voltage power supply, a group of cir-
cuits usually contained in a metal cage inside the set. A 
diode discharging a capacitor through a transformer pro-
duces the high voltage for the CRT. Even after the set has 
been turned off, the capacitor can retain its charge for some 
time. Precautions should therefore be taken if work must 
be done inside this cage. 

CAUTION: There can be up to 30,000 volts connected to 
to a plug-in on the flared side of the CRT. The voltage 
is applied through a heavily insulated conductor. Even 
though the set is turned off, approach the sides of the 
cathode-ray tube with extreme caution. 

Q64. What is the horizontal sync-pulse frequency? 

Q65. What is the frequency of the vertical-sync pulses? 

Q66. What are two precautions you should observe 
when near a cathode-ray tube? 

311 



Your Answers Should Be: 

A64. The horizontal-sync frequency is 15,750 cps. 

A65. The vertical-sync frequency is 60 cps. 

A66. Cathode-ray tube precautions are: 

1. Handle with care to prevent implosion. 

2. Do not come in contact with the extremely high 
voltage connected to the flared end of the CRT. 

WHAT YOU HAVE LEARNED 

1. Television transmitters and receivers, like any other 
electronic equipment, consist of circuits designed to 
accomplish specific functions. Although there are a 
large variety of circuits, they all operate in accordance 
with a basic concept—the effect that voltage, current, 
and electronic components have on each other. These 
basic effects can be used to analyze any circuit, provid-
ing the student understands the underlying principles 
of each. 

2. A television transmitter consists of two sections. One 
section uses a camera to scan a scene, and a group of 
circuits to modulate a carrier frequency with the image. 
The other section takes the output from a microphone 
and uses it to modulate a second carrier frequency. 

3. Sound is superimposed on its carrier by frequency 
modulation. The procedure is one in which the fre-
quency of the carrier varies in accordance with the 
amplitude of the sound—decreasing during the positive 
portions of the audio cycle and increasing during the 
negative portions. The FM carrier is then amplified to 
the required power level and fed to the antenna. 

4. Video is obtained from the camera as it scans a scene 
with an electron beam, one line at a time. The video 
signal, with the addition of blanking and synchronizing 
pulses, is amplified and then used to modulate the pic-
ture carrier frequency. The amplitude-modulated car-
rier is raised to a specified power level and then fed to 
the antenna. 
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5. Video and sound carriers are of a high frequency and 
therefore have short wavelengths. These travel through 
the atmosphere as either space or sky waves. Short 
space waves travel on a line-of-sight path and cannot 
be received beyond the horizon. Sky waves enter the 
ionosphere where their paths are bent by an amount 
depending on the angle of entry. If the entry angle is 
small, the sky wave returns to the earth and can be 
received. 

6. A TV receiver contains many circuits that can be 
grouped into a few electronic functions. These include 
the RF section (front-end), IF section, sound section, 
video section, vertical-sync control, horizontal-sync con-
trol, cathode-ray tube, and low- and high-voltage power 
supplies. Many of the functions are similar to those 
found in a radio receiver. 

7. The RF amplifier, mixer, and oscillator select the 
desired channel among the many appearing on the 
antenna and convert the sound and video-carrier fre-
quencies to appropriate intermediate frequencies. 

8. The sound section, containing an IF stage for amplifica-
tion, a detector (or discriminator) for removal of the 
audio component, and audio amplifiers for further 
amplitude gain, processes the signal for operation of 
the speaker. 

9. The video section contains similar circuits to extract 
the video signal and amplify it to a level required for 
operating the beam-control portion of the CRT. 

10. Vertical- and horizontal-sync pulses are taken from the 
video signal and channeled through corresponding ver-
tical- and horizontal-sweep circuits. The sawtooth 
waveforms developed by these circuits control the 
movement of the electron beam, causing the image to 
be placed on the screen, a line at a time, in precise 
synchronization with the camera scan beam. 

11. Highly dangerous voltages exist on the cathode-ray 
tube and inside the cage of the high-voltage power 
supply. Extreme caution should be used when working 
in these areas. 
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12. Most of all, you have learned a great deal more about 
electronics. You should now have acquired a fairly 
good understanding of how electronic circuits work. A 
mental image of circuit and equipment operation will 
give you a solid reference against which you can base 
the details of current, voltage, resistance, inductance, 
and capacitance principles that are explained in follow-
ing volumes. You need a clear understanding of these 
principles if you plan to become technically competent 
when working with electronic equipment. 
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