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EXPLANATION OF COURSE

The Commercial Radio Operator Theory Course has been written for the
purpose of preparing the prospective radio operator for the Federal
Communications Commission Radiotelephone First and Second Class Exami-
nations. The subject matter covers the examination requirements for
Elements 3 and 4.

The FCC issues study guides for the various examination elements. These
study guides contain a series of questions that cover the scope of the
material required for the FCC examinations. All of the information called
for by these study guides is thoroughly discussed in this course. In addition,
the course is complete in its coverage of radio theory. It starts at the very
beginning of basic electricity and continues on through radio transmission
and reception.

There are a number of practice questions at the end of each lesson. These
practice questions will serve to test the student’s knowledge of the material
in the lesson. The questions are of the multiple-choice type because this type
of question is used exclusively by the FCC on their examinations. At the end
of the course, there are final examinations for Elements 3 and 4. These tests
provide an added means of preparation for the actual FCC examinations, and
also serve as an accurate gauge of preparedness. The answers to all the
questions are given on Page 435.

This course covers the material for both the Element 3 and Element 4
examinations. Most of the information in the course is common to the
requirements of both elements. Part of the balance of the material is
specifically for Element 3 and the rest is specifically for Element 4. If one is
studying for one of the examinations, it is not necessary to study the details
that are required exclusively for the other examination. The information
that is exclusively required for the Element 3 examination is indicated by a
*3” in front of a bold-face subheading or paragraph and extends till the next
bold-face subheading. The information that is exclusively required for the
Element 4 examination is indicated by a “4” in front of a bold-face
subheading or paragraph and extends till the next subheading. Therefore,
when studying for the Element 3 examination, the Element 4 material can
be ignored, and when studying for the Element 4 examination, the Element
3 material can be ignored.

The Ameco Publishing Corp. also publishes a series of license guides for
these examinations. See back cover for detailed listing. These guides list the
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study questions that are issued by the FCC and give a detailed answer for
each question. These detailed answers are taken from this course. It is the
contention of the author that the student who thoroughly covers the
material in this course will be prepared to pass the Commercial Radio
Operator’s examinations. However, if the prospective radio operator wishes
to have a complete FCC listing of the study questions and answers, he may
obtain one or more of these guides.

The following shows the examination elements that one must pass in
order to obtain the indicated Radio Operator’s license or permit issued by
the FCC:

Radiotelephone 1st Class Operator’s License - Elements 1, 2, 3, 4.

Radiotelephone 2nd Class Operator’s License - Elements 1, 2, 3.

Radiotelephone 3rd Class Operator’s Permit - Elements I, 2.

Radiotelephone 3rd Class Operator’s Permit Endorsed for Broadcast

Operation - Elements 1, 2, and 9.

Radiotelegraph st Class Operator’s License - Elements 1, 2, 5, 6.

Radiotelegraph 2nd Class Operator’s License - Elements 1, 2, 5, 6.

Radiotelegraph 3rd Class Operator’s Permit - Elements 1, 2, 5.

Aircraft Radiotelegraph Endorsement on Ist or 2nd Class License -

Element 7.
Ship Radar Endorsement on Radiotelegraph or Radiotelephone 1st or 2nd
Class License - Element 8.

This course does not contain information on Elements 1, 2 and 9. These
are short, simple elements that pertain solely to International Laws and FCC
Rules and Regulations. They are completely covered in Ameco publication
#8-01 listed on the back cover. The tests for Elements 1 and 2 must be
passed before the test for Element 3 can be taken.

The FCC examination for Element 3 consists of 100 multiple-choice
questions, similar to the examination on Page 417. One percent (1%) credit
is allowed for each question answered correctly and 75% is the passing mark.
The Element 3 test must be passed before the Element 4 test can be taken.

The FCC examination for Element 4 consists of 50 multiple-choice
questions, similar to the examination on Page 429. Two percent (2%) credit
is allowed for each question answered correctly and 75% is the passing mark.

GOOD LUCK!

WorldRadioHistory



TABLE OF CONTENTS

Page
Explanation of Course e e e e e e e e e 3
Lesson
1 Fundamentals of Electricity e e e e e e 6
2 Direct Current Theory O -
3 Magnetism and Meters . 7
4 Alternating Current T &
5 Motors and Generators . . . . . . . . . . . . . . . 92
6 TheDiode . . . . . . . . . . . . . . . . . . . .103
7 PowerSupplies . . . . . . . . . . . . . . . ... 113
8 VacuumTubes . . . . . . . . . . . . . . . . . . 133
9 Audio Amplification . . . . . . . . . . . . . . . . 155
10 Transistors P &7
11  Audio Broadcast Systems ) 0 K
12 Oscillators . . . . . . . . . . . « . . . . . .. .12l6
13 C.W.Transmitters . . . . . . . . . . . . . . . . . 236
14 Modulated Transmitters . . . . . . . . . . . . . . . 260
15 Receivers . . . . . . . . . . .« . . o . . . . .28
16 Frequency Modulation . . . . . . . . . . . . . . . 309
17 Antennas and Transmission Lines N X ¥
18 Frequency Measurements T Y
19 Ultra-High Frequency Circuits and Components B )
20 Television . . . . . . . . . . . . . . . . . .. .39
21 Rules and Regulations . 1
Element 3 FCC-type Examination . . . . . . . . . . . 417
Element 4 FCC-type Examination . . . . . . . . . . . 429
Answers to All Questions T« X 5
Index < X 2.

WorldRadioHistory




LESSON 1
FUNDAMENTALS OF ELECTRICITY

MATTER. Matter is a general term that is used to describe all the material
things about us. Matter includes all man-made structures, liquids, metals,
gases, etc.; in other words, everything that has weight and occupies space.

All matter, regardless of size, quality or quantity, can be broken down
into approximately one hundred and five different elements. Some of the
more common elements are iron, copper, aluminum and oxygen. Elements
may exist alone or they may exist in combination with other elements. For
instance, copper wire consists only of the element copper. On the other
hand, water is a combination of two elements: oxygen and hydrogen.

An element consists of many tiny particles, called ATOMS. An atom is the
smallest unit into which an element can be broken down and still retain its
original characteristics. An atom consists of electrons, protons and neutrons.
Fig. 1-1 illustrates an atom of aluminum. Note that it contains 13 electrons,
13 protons and 14 neutrons. The protons and neutrons are present in the
nucleus of the atom, while the electrons revolve about the nucleus in orbits.

The atom is too small to be seen by the most powerful microscope.
However, we do have a considerable amount of knowledge about the atom
and its parts. The proton differs physically and electrically from the
electron. The proton is about 1850 times as heavy as the electron and,
electrically, we say that the proton is POSITIVELY CHARGED. The tiny,
revolving electron, on the other hand, is NEGATIVELY CHARGED. The
neutron can be thought of as consisting of a proton and an electron. Thus, it
has the same approximate weight as the proton. However, it is neutral in
charge because the positive charge of the proton cancels out the negative
charge of the electron.

protons and

electrons/ S \o-
= ()]

\\—\ _ neutrons
Ne— __e-
~—¢-
FIG, 1-1, AN ATOM OF ALUMINUM.
6
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THE LAW OF ELECTRIC CHARGES. Most objects, such as a piece of
wood, normally have a neutral or zero charge; that is, they contain as many
electrons (negatively charged particles) as they do protons (positively
charged particles). If this piece of wood can be made to have an excess of
electrons, it would lose its neutral charge and become negatively charged. On
the other hand, if the wood could be made to have a deficiency of electrons,
the protons would predominate and it would become positively charged.

If we took a positively charged body and brought it near a negatively
charged body, the two bodies would be drawn together. If, however, the two
objects had the same charge (both positive or both negative), then they
would repel each other. These two reactions form the basis of our first law
of electricity, THE LAW OF ELECTRIC CHARGES. The law states: “LIKE
CHARGES REPEL AND UNLIKE CHARGES ATTRACT.” Fig. 1-2
illustrates this law.

—.gl
BALLS

/

Il\,
\

A —_ g B
CORK

A. Unlike charges attract. B. Like charges repel.

FIG. 1-2. LAW OF ELECTRIC CHARGES,

DIFFERENCES OF POTENTIAL. If we were to connect a copper wire
between two equally and oppositely charged bodies, an electron flow would
result. Electrons will flow from the negatively charged body to the positively
charged body. This is because the positively charged body, which has a
deficiency of electrons, will attract and take away the excess electrons from
the negatively charged body. This action will continue until the deficiency
and excess of electrons has disappeared and the two bodies become neutral
or uncharged. See Fig. 1-3.

A difference in charge between two objects will always result in the
development of an electrical pressure between them. This electrical pressure

et
- +++
++++_
-4+, +
+- 4+
+4+ - H
+ +

negative body positive body

copper wire

—

FIG. 1-3. FLOW OF ELECTRONS.
7
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is defined as a DIFFERENCE OF POTENTIAL and will cause electrons to
flow when a copper wire is connected between two oppositely charged
bodies. The flow of electrons is referred to as a current flow or current.

CONDUCTORS AND INSULATORS. Materials through which current
can easily flow are calied CONDUCTORS. Conductors incorporate a large
number of free electrons in their basic structure. These free electrons are not
held tightly and will move freely through the conductor when stimulated by
external electrical pressure. Examples of good conductors, in the order of
their conductivity, are: silver, copper, aluminum and zinc,

Those materials through which electrons flow with great difficulty are
called INSULATORS. The electrons are tightly held in the atomic structure
of an insulator and therefore, cannot move about as freely as in conductors.

A distinction is made between insulators which are good enough at
commercial power frequencies and those which are good at radio frequen-
~ cies. Examples of good radio frequency insulators are: quartz, teflon, mica
and polystyrene. Wood, silk, glass and phénolic can be used as insulators at
power frequencies, but not at radio frequencies.

RESISTANCE AND RESISTORS. The ability of a material to oppose the
flow of electrons is called RESISTANCE. All materials exhibit a certain
amount of resistance to electron flow. In order to compare the resistances of
various materials, we require some standard unit of resistance measurement.
The unit of resistance that was adapted for this purpose is the OHM. The
Greek letter Omega (Q) is its symbol. One ohm may be defined as the
amount of resistance inherent in 1,000 feet of #10 copper wire. For
example, 5,000 feet of #10 copper wire would have a resistance of 5 ohms;
10,000 feet of #10 copper wire would have 10 ohms, etc. Although the ohm
is the basic unit, the MEGOHM, meaning 1,000,000 ohms, is frequently
used. The instrument used to measure resistance is the OHMMETER.

There are four factors which determine the resistance of a conductor.
They are:

(1) LENGTH. The resistance of a conductor is directly proportional to its
length. The longer the conductor, the greater is the resistance. The electrons
have to flow through more material in a longer conductor, and therefore,
meet more opposition.

(2) CROSS-SECTIONAL AREA. The resistance of a conductor is
inversely proportional to the cross-sectional area. This means that the
resistance becomes smaller as the thickness or area becomes larger. For
example: if we double the cross-sectional area of a conductor of a given
length, the resistance will be cut in half. If we triple the area, the resistance
will be cut to one-third of its original resistance. The larger the cross-section-
al area of a conductor, the easier it is for current to flow. If we decrease the
cross-sectional area of the conductor, less electrons can squeeze through;
hence, a greater resistance.

Since the cross-sectional area of a conductor is proportional to the square
of its diameter, the resistance of a conductor is inversely proportional to the
square of its diameter. For example, if the diameter of the conductor is
doubled, its resistance becomes one-quarter of what it was; if the diameter is
tripled, the resistance becomes one-ninth of what it was, etc.

8
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(3) TEMPERATURE. In practically all conductors, with the exception of
carbon, the resistance varies directly with the temperature. As the
temperature of a conductor rises, its resistance increases; as the temperature
drops, the resistance decreases.

(4) MATERIAL MAKE-UP. The resistance of a conductor depends upon
the material of which it is made. Because of their material structure, some
conductors have more resistance than others. For example, silver has a very
low resistance, whereas nichrome has a high resistance.

RESISTORS. The resistor is a common radio part. Each resistor has a
specific amount of resistance. Resistors which are made of mixtures of
carbon and clay are called CARBON RESISTORS. Carbon resistors are used
in low power circuits. WIRE WOUND RESISTORS, which contain special
resistance wire, are used in high power circuits. Fig. 1-4 illustrates several
types of fixed resistors which are used in radio circuits. The symbol which is
used to represent them in circuit diagrams is also shown.

OHMITE

BROWN DEVIL fixed resistor symbol

1(R)C

PRECISION
WIREWOUND
ar aie oo

carbon resistor precision resistor

FIG. 1-4. FIXED RESISTORS.

When it becomes necessary to vary the amount of resistance in a circuit,
we use adjustable or VARIABLE RESISTORS. The adjustable resistor has a
sliding collar which may be moved along the resistance element to select any
desired resistance value.

Variable resistors are used in circuits when a resistance value must be
changed frequently. Variable resistors are commonly called potentiometers
or rheostats, depending on their use. The volume control in a radio is a
typical example of a variable resistor. Fig.1-5B shows a potentiometer that
may be used as a volume control in a receiver. Fig. 1-5C is a potentiometer,
wound of heavy wire, that can be used in a power supply circuit. Fig. 1-5A
illustrates a variable resistor that can be used where frequent adjustment is
not required.

3 RESISTOR COLOR _CODE. Carbon resistors of two watts and under
contain color bands to indicate their values and tolerances. The most popular
standard method of marking resistors is shown in Fig. 1-6.

Band A represents the first figure of the value. Band B represents the
second figure. Band C represents the number of zeros after the first two
numbers. Band D indicates the tolerance (the guaranteed percentage of

9
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variable resistor symbol.

B. volume control potentiometer. C. power supply rheostat.
FIG. 1-5. VARIABLE RESISTORS,

accuracy of the color coded value). The colors and their corresponding
numbers are given in the table of Fig. 1-6C.

To illustrate how the resistor color code works, let us find the value of the
resistor in Fig. 1-6B. Red corresponds to 2. Therefore, the first number of
the resistor value is 2. Green corresponds to S. The second number is
therefore 5. The third band is red, indicating 2. This tells us that two zeros
follow the 25. This resistor is therefore 2500 ohms. The fourth band is silver.
Silver indicates a 10% tolerance factor. 10% of 2500 is 250. In other words,
the resistor is guaranteed to be between 2250 ochms and 2750 ohms. If the
fourth band is gold, the tolerance factor is 5%. If there is no fourth band, 1t

is understood that the tolerance is 20% I T
A B CD
black 0 violet 7
FIG. 1-6A., brown 1 gray 8
red 2 white 9
GREEN RED orange 3
RED—I I I—SILVER yellow 4 Tolerance
green 5 silver 109%
blue 6 gold 5%
FIG. 1-6C.
2 5 00
FIG. 1-6B,

CONDUCTANCE. Conductance is the ability of an electrical circuit to
pass or conduct electricity. A circuit having a high conductance has a low
resistance; a circuit having a low conductance has a high resistance.

Conductance is, therefore, the reciprocal of resistance.

1

(1-1) Conductance = ———.
Resistance

10
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The symbol for conductance is G, and the unit of conductance is the
MHO. A resistance of one ohm has a conductance of one MHO; a resistance
of 10 ohms has a conductance of .1 MHO (1/10 = 0.1). In other words, to
determine the conductance, we divide the number 1 by the amount of the
resistance in ohms. We frequently use the term MICROMHO, meaning one
millionth of a mho.

VOLTAGE AND CURRENT. Voltage is another term used to describe the
difference of potential or electrical pressure which we spoke about earlier. It
is the force which pushes or forces electrons through a wire, just as water
pressure forces water through a pipe. Some other terms used to denote
voltage are ELECTROMOTIVE FORCE (e.m.f.), IR DROP and FALL OF
POTENTIAL. The unit of voltage is the VOLT, and the instrument used to
measure voltage is the VOLTMETER. The KILOVOLT is equal to 1000
volts.

CURRENT is the term commonly used to describe the flow of electrons.
It is the result of the application of a difference of potential to a circuit. If
we increase the number of electrons flowing past a point in a given amount
of time, we have more current. Conversely, if we decrease the number of
electrons flowing past a point in a given amount of time, we decrease the
current. The unit of current is the AMPERE, and it is equal to
6,300,000,000,000,000,000 electrons flowing past a point in one second.
MILLIAMPERE and MICROAMPERE are terms used to denote one-thou-
sandth and one-millionth of an ampere respectively. Current is measured by
an AMMETER, MILLIAMMETER or MICROAMMETER.

Another term used in electrical work is the COULOMB. The coulomb is
the unit of electrica]l QUANTITY. The coulomb is the number of electrons
contained in one ampere. One coulomb flowing past a point in one second is
equal to one ampere. Many people confuse the COULOMB with the ampere.
The difference is this: the ampere represents the RATE OF FLOW of a
number of electrons, whereas the coulomb represents only the quantity of
electrons and has nothing to do with the RATE OF FLOW or movement of
the electrons. The coulomb is a unit that is seldom used in radio and
electronics.

METHODS OF PRODUCING ELECTRICITY. There are several methods
that are used to produce electricity or an e.m.f. They are:

(1) Thermal action or the heating of connected dissimilar metals.

(2) Electromagnetic action or the movement of conductors in a magnetic
field.

(3) Piezo-electric action or the application of physical pressure on a
crystal such as quartz.

(4) Photo-electric action or the reaction of light on certain chemical
substances.

(5) Electrostatic action which produces charges on objects by mechanical
means.

(6) Chemical action, such as that produced by a dry cell or battery.

THE DRY CELL AND BATTERY. One of the most common methods of
producing electricity by chemical means is the dry cell that is found in a
11
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— CARBON ROD

| _AMMONIUM
CHLORIDE

— ZINC

A. 1.5 volt flashlight cell. B. 45 volt "B" battery.
FIG, 1-7. THE DRY CELL.

flashlight. The dry cell contains a carbon rod, which acts as the positive
terminal, surrounded by a core consisting of zinc chloride, manganese
dioxide, carbon particles, glycerin and sawdust. Around this *“core” is a
moist chemical paste, called an electrolyte, made up of ammonium chloride
solution in starch. A zinc can is used as the container of the cell and also acts
as the negative terminal. See Fig. 1-7A.

The chemical reaction between the carbon, the zinc and the electrolyte
causes the carbon rod to acquire a positive charge and the zinc container a
negative charge. Therefore, a potential difference exists between the two
electrodes.

The composition of the electrodes themselves, determines the difference
of potential developed between them; not the type of electrolyte or the
physical size of the cell. In the case of a cell consisting of a carbon rod and a
zinc container as electrodes, the voltage produced is always 1.5 volts.

A battery is composed of a number of cells. Therefore, a battery may be 3
volts, 6 volts, 7.5 volts, etc., depending upon the number of cells it contains.
The battery of Fig. 1-7B contains 30 dry cells. The fact that a cell is larger
than another one indicates that the larger cell is capable of delivering a given
amount of current for a longer period of time than the smaller one.

One of the results of the dry cell’s chemical reaction is the production of

positive hydrogen ions around the carbon rod. This is known as POLARIZA-
TION. Polarization increases the internal resistance of the cell and decreases
its ability to produce current. The manganese dioxide in the cell acts as a
depolarizing agent which counteracts the polarization and therefore, in-
creases the cell’s life.
3 Dry cells are cheap and portable, but cannot be recharged. A cell that
cannot be recharged after it has run down, is called a PRIMARY CELL. On
the other hand, a SECONDARY CELL is one that can be restored to its
original condition after it has run down. This is done by *‘charging” the cell
with direct current. A secondary cell is also known as a STORAGE CELL.

3 THE LEAD-ACID STORAGE CELL. The most popular type of storage
cell in use today is called the LEAD-ACID cell. A simplified diagram of it is
shown in Fig. 1-8. The negative electrode is made up of pure sponge lead and :
the positive electrode is lead peroxide. The electrolyte consists of sulphuric
acid and distilled water. The lead-acid cell generates 2.1 volts.

When current is drawn from the cell, we say it is discharging. Internally,

the following chemical action takes place during discharge: the sulphate of
12
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LEAD PEROXIDE

SPONGE LEAD

SULPHURIC ACID
AND WATER

FIG. 1-8. THE LEAD-ACID STORAGE CELL.

the sulphuric acid combines with the lead of the negative and positive
electrodes to form lead sulphate. The hydrogen of the sulphuric acid
combines with the oxygen in the positive electrode to form water. This
process continues until the electrodes’ both become lead sulphate, and the
sulphuric acid disappears by combining with the electrodes. Under these
conditions, we no longer have a cell. The two electrodes are the same and
there is no electrolyte. The voltage.drops from 2.1 volts down to O volts.

Long before the cell gets to O volts, the discharging process should be
stopped, and the cell should be charged. A cell is charged by passing direct
current through the cell in the direction opposite to its discharge direction.
The internal chemical reaction is then reversed. The charging process is
continued until all the sulphate is out of the electrodes and the electrolyte is
restored to its original state.

3 SULPHATION. Sulphation is the formation of excess lead sulphate in the
electrodes of the battery. The sulphate tends to cover the entire area of the
plates and it increases the internal resistance of the cell. This, in turn,
increases the heating inside the cell and causes the electrodes to buckle and
deteriorate. If the sulphation process continues too long, it may be
impossible to restore the cell to its original condition by charging it.

Sulphation is caused by using or discharging the cell for too long a time
before charging.

3 DISCHARGING AND CHARGING THE LEAD-ACID CELL. If we
discharge a cell at too high a current rate, the internal heating losses will be
high and the plates may buckle. Also, the capacity of the cell will be
reduced. It will not be able to deliver as much current for as many hours as it
can when discharging at a lower rate. Since the current drawn from a battery
depends upon the load, we can see that a battery must be chosen for a
particular load where the battery has a much greater current capacity than
will be used.

The condition of the lead-acid cell can be determined by two popular
methods. One is to measure the voltage of the battery under load (while
current is being drawn). It was previously stated that the approximately fully
charged voltage of a lead acid cell is 2.1 volts. If the voltage falls below 1.8
volts, it should be charged.

13
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Another method of determining the condition of a lead-acid cell involves
the use of a hydrometer. A hydrometer measures the specific gravity or
weight of a solution. The sulphuric acid weighs more than water. During
discharge, the sulphuric acid combines with the plates and the electrolyte
becomes more water and less acid. The weight of the solution will be less
than when the battery is fully charged. Therefore, by measuring the weight
of the solution, we can determine the state of charge of the cell.

It was previously pointed out that the cell is charged by passing direct
current through it. The direction of the charging current is opposite to the
direction of the discharging current. This is important. If we mistakenly
reverse the direction of the charging current, the battery will continue to
discharge instead of charge. This will result in sulphation and overheating.

Charging should be done at a slow rate. That is, one should use as long a
time as possible to charge a battery. Charging at too high a rate will cause
gassing, heating and a reduction in the battery life. The charging voltage
should be slightly above the fully charged voltage of the battery. 2.5 volts
per cell is generally used.

3 CAPACITY OF BATTERIES. Batteries are generally rated in ampere-
hours. The rating tells us how many hours a battery can deliver a certain
amount of current. For instance, if a certain battery can deliver 8 amperes
for 12 hours, we say that the battery has a capacity or rating of 8 x 12 or 96
ampere-hours. This also tells us that we can draw 4 amperes for 24 hours (4
x 24 = 96). In actual practice, the number of ampere-hours which may be
obtained from a battery varies with the rate of charge. If a battery is rated
“80 ampere-hours for 8 hours,” it means that 10 amperes can be drawn
continuously for 8 hours. However, if we draw only 5 amperes from the
battery, we can perhaps continue to draw the S amperes for 20 hours, for a
capacity of 100 ampere-hours (5 x 20 = 100). If we draw the S amperes on
an intermittent basis rather than a continuous basis, we can get still more life
out of the battery. On the other hand, if we took the above 80 ampere-hour
battery and drew 20 amperes from it instead of 10 amperes, we probably
couldn’t get more than 3 hours of useful life, or 60 ampere-hours of
capacity.

Thus, we see that the capacity of a battery is increased if we draw less
than its rate current, and is decreased if we draw more than the rated
current.

CELLS IN SERIES AND PARALLEL. In order to get the highest voltage
from a group of cells, we hook them up in series, as shown in Fig. 1-9A. The
total voltage available is simply the sum of the individual cells. We are all
familiar with the 12.6 volt storage battery that is used in autos. It consists of
six lead-acid storage cells hooked up in series. (6 x 2.1 = 12.6).

If we want to draw more current than a single cell is capable of providing,
or if we want cells to last longer for a given load, we hook them up in
parallel. See Fig. 1-9B. The total voltage is the same as that of each cell.
However, the amount of current available is the sum of the available currents
of each cell.

3 CARE OF STORAGE BATTERIES. Storage batteries require a certain
14
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FIG. 1-9A. CELLS IN SERIES.
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FIG. 1-9B. CELLS IN PARALLEL.

amount of care and attention. If proper care is provided, they will last longer
and the chance of accidents will be diminished. The following rules should
be observed in caring for batteries:

(1) Storage batteries should be inspected regularly, at least once a week.
Take hydrometer and voltage readings.

(2) Batteries should be kept in a cool, but not cold, area. Extreme
temperatures must be avoided because they shorten the life of the battery.

(3) The battery compartment should have adequate ventilation. Hydrogen
and oxygen gases are given off during charging. These gases are highly
combustible. Because of this, there should be no smoking or lighting of
matches in the battery area.

(4) The batteries should be kept clean and dry at all times. The electrical
connections should be clean, tight and free of corrosion. To help prevent
corrosion, the cell terminals should be coated with a thin layer of pure
vaseline.

(5) The level of the electrolyte should be approximately one-half inch
above the plates. Distilled water or tap water, approved by the battery
manufacturer, should be added to bring the electrolyte up to the proper
level. If impure water is added, unwanted ! local action'may occur. Acid
should not be added to the electrolyte. The acid does not evaporate; the
water does. Therefore, water should be added to make up for its evapora-
tion. The only time that acid should be added is when the electrolyte has
spilled out. This must be done carefully and in the manner prescribed by the
battery manufacturer and acid maker.

(6) Batteries should not be charged at too high a rate. This will avoid
“gassing” (giving off of oxygen and hydrogen), and “wearing” of the plate
material.

(7) Batteries, not in use, should have a “trickle” charge at all times. This
prevents the batteries from slowly discharging due to local action. It keeps
the batteries fully charged and ready for operation at all times.

15
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PRACTICE QUESTIONS - LESSON 1*

In a conductor, the free electrons: (3)*

are tightly bound to their atoms

are not tightly bound to their atoms

must be neutralized before they can flow

must have their electrostatic fields in one direction

The unit of electrical quantity is:
ampere b. volt ¢, coulomb d. watt

A voltmeter measures: .
current (e.) electrical pressure
amperes d. power

A good high frequency insulgtor is: (3)
rubber b. bakelite c. mica d. glass

Which of the following factors does not influence the resist-
ance of a conductor ? =
length b. diameter c. temperature .@ color

Resistance is measured by .a/an:
ammeter b. voltmeter (c.)ohmmeter d. wavemeter

The unit of electrical current is:
ampere b. volt c. watt d. farad

Sulphation does not cause: (3)

. high internal I2R losses c. excessive heating

buckling of plates @‘) increase in cell's capacity
What is the value of a resistorthat is color-coded red, green

and black?
350hms b. 250 ohms c. 240 ohms 25 ohms

Electrical energy is measured by a/an: (3)
watt-hour meter c. ammeter
wavemeter d. voltmeter

Which of the following is not a good conductor ?

silver b. copper c. gold @3 none of the others
The electrolyte of a lead-acid cell contains: (3)
hydrochloride acid (&> sulphuric acid

lead dioxide d. ammonium sulphate

* The "(3)" or "(4)" to the right of the practice questions indicates
that the question is exclusive to element 3 or 4 respectively,
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13. Which of the following is not correct? (3)
a. batteries should be in a cool area
b. batteries should have a 'trickle'" charge when not in use
@ acid should be added to the electrolyte when it evaporates
. hydrometer readings should be taken once a week

14, A kilovolt is:
a. 100 volts 1000 volts
b. one-thousandth of a volt d.” one-millionth of a volt

15. A battery is rated at 60 ampere-hours for 6 hours. Which of
the following can be drawn and exceed the rated capacity ? (3)

B 10 amperes c. 12 amperes

Q. / 6 amperes d. 15 amperes

16. The total voltage of four 1-1/2 volt dry cells, hooked in par-
allel, is:

(aD1-1/2V. b. 6V. c. 3V. d. .375V.

17
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LESSON 2
DIRECT CURRENT THEORY

DIRECT CURRENT. If we take a flashlight bulb or lamp and connect it
to a dry cell, as shown in Fig. 2-1, the bulb will light up. The lamp lights up
because current flows through the filament of the bulb. The current leaves
the cell at the negative terminal (=), flows through the bulb to the positive
terminal (+), and then flows through the cell back to the negative terminal.
This type of current flow is known as DIRECT CURRENT (DC). DIRECT
CURRENT is currént that flows only in ONE direction. —

The heavy arrows in Fig. 2-1 indicate the direction of the current flow. As
long as we can trace the current from the negative terminal of the cell, all
around the circuit, and back to the positive terminal, we have a complete
electrical path. It is important to remember that current will only flow
through a complete circuit.

" The necessary parts for a complete circuit are:
(1) A source of voltage - the dry cell of Fig. 2-1.

( (2) Connecting leads - the copper wire conductors.
¢ (3) A load - the flashlight bulb.

lamp
!,
‘ rd
EFF @
FIG. 2-1. A COMPLETE
ELECTRICAL CIRCUIT.
~
/ .
copper wire
conductors

SCHEMATICS. In drawing an electrical circuit on paper, it is impractical
to draw the actual battery or lamp as was done in Fig. 2-1. Instead, we use
simple symbols to represent the various electrical parts. For example:

A cell is shown as ;||—+
A battery is shown as ‘—illll#
A resistor is shown as “A\AA\AN\~

Note that we indicate the negative (—) battery terminal by a short line and
the positive (+) terminal by a long line.
Fig. 2-1 can now be redrawn as follows:
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+
- LOAD

il

FIG. 2-2. COMPLETE CIRCUIT.

When talking about the electrical properties of Fig. 2-1, we can consider the
bulb, or load, as a resistor or resistance, as shown in Fig. 2-2.

~QPEN AND SHORT CIRCUITS. If we were to break one of the

conducting leads, or remove the load in Fig. 2-2, no current would flow. We
would then have an OPEN CIRCUIT. Fig. 2-3 illustrates the open circuit

condition.

open switch

FIG. 2-3. OPEN CIRCUIT.

If we place a piece of wire directly across the two terminals of the cell, no
current will flow through the load. The current by-passes the load and flows
through the path of least resistance, which is the piece of wire. This
condition is illustrated in Fig. 2-4 and is known as a SHORT CIRCUIT. It is
important to avoid a short circuit condition because it causes a severe
current drain which rapidly wears down the battery.

L
<

L short circuit

0 - >/“ lamp

FIG. 2-4. SHORT CIRCUIT.

¥ OHM’S LAW. So far we have discussed voltage, current and resistance.

Now we shall study the important relationships that exist between these
three factors.

If we were to increase the source of voltage of Fig. 2-2, more current
19
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would flow through the circuit because of the greater electrical pressure
exerted. If we were to decrease the voltage, the flow of current would
decrease. On the other hand, if the resistance of the circuit were made larger,
the current would decrease because of greater opposition to current flow. If
the resistance were made smaller, the current would increase by similar
reasoning. These relationships are formulated into a law known as OHM’S
LAW, which is stated as follows: The current is directly proportional to the
voltage and inversely proportional to the resistance. Ohm’s law, mathematic-
ally stated, says that the current, in amperes, is equal fo the voltage, in volts,
divided by the resistance, in ohms. The three formulas of Ohm’s law are:

_E - - - _E
-1 1=— (2-2) E =IR (2-3) R =

“I” stands for the current in amperes, “E” is the voltage in volts, and “R”’
is the resistance in ohms. If two out of the three factors of Ohm’s law are
known (either E, I or R), the unknown third factor can be found by using
one of the three above equations. Several examples will clarify the use of

Ohm’s law:
200 ohms
PROBLEM:
Given: Current is .75 amp.
Resistance is 200 ohms. .15 A,
Find: The voltage of the battery. B l , L
UL
E=?

SOLUTION: Since we are interested in finding the voltage, we use
formula (2-2) because it tells us what the voltage is equal to. We then
substitute the known values and solve the problem as follows:

E =IR 200
x.75
E=.75x200 1000
1400
E=150V. 15000
PROBLEM: 250 ohms
Given: Battery voltage is 75 volts.
Resistance of lamp is 250 A%
ohms. I=7?°
Find: Current in circuit. T5v. )
L

SOLUTION: Use formula (2-1) to find the current.

E 75 < !

I == I=— I[=.3 amp. 250|75.0
R 25 5 0
000

20
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PROBLEM:
Given: Current in circuit is 2 amp.
Battery is 45 volts.

R=7?
2 A,

Find: Resistance of circuit. 4|5 VL
1
SOLUTION: Use formula (2-3) and substitute for E and I to find R.
-E R=£’ R =22.5 ohms.
1 2

RESISTORS IN SERIES. If two or more resistors are connected end to
end, as shown in Fig. 2-5A, we say that the resistors are connected in a
SERIES CIRCUIT. Any current flowing through one of the resistors will also
flow through the others. The arrows indicate the direction of current flow.

A E, I \ {

___',|||_+__®_

FIG. 2-5A. SERIES CIRCUIT. FIG. 2-5B. EQUIVALENT CIRCUIT.

Since the same current flows through each resistor, the CURRENT IS
THE SAME AT EVERY POINT IN A SERIES CIRCUIT. Similarly, the total
current is the same as the current in any part of the series circuit. To put it
mathematically:

(2-4) I(total) = IRl =] IRZ =] IR3.

It is important to note that the current in Fig. 2-5A will remain
unchanged if the three resistors are replaced by a single resistor whose
resistance value is equal to the sum of the three resistors. Fig. 2-5B illustrates
the equivalent circuit of Fig. 2-5A. We can, therefore, say that THE TOTAL
RESISTANCE IN A SERIES CIRCUIT IS EQUAL TO THE SUM OF THE
INDIVIDUAL RESISTANCES.

(2-5) Rt = R1 + R2 + R3, etc. where R is total resistance.

Whenever current flows through a resistance in a circuit, a part of the
source voltage is used up in forcing the current to flow through the
particular resistance. The voltage that is used up in this manner is known as
the VOLTAGE DROP, or fall of potential across that particular resistor. The
voltage drop is equal to the current through the resistor, multiplied by the
resistance of the resistor.

If we add up the voltage drops across all the parts of a series circuit, the
sum would be equal to the source or battery voltage.
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(2-6) Eg = ERq + ERgy + ERs, etc.
where: Eg is the battery voltage, ERj is the voltage across R1
ER2 is the voltage across R2, etc.

Ri=7/5 Ro="?
PROBLEM 1 7 2

Find the resistance of Rg 0.5A

(A} i
\_/ ﬁl1oov

SOLUTION: Since we know the total current and the battery volt-
age, we can use Ohm's law to find the total resistance.

Since the total resistance in this series circuit is 200 ohms
and R1 = 75; then R2 = Ry - R1.

R2 = 200 - 75 = 125 ohms,

RESISTORS IN PARALLEL. The circuit in Fig. 2-7A is called a
PARALLEL CIRCUIT. R1 and R2 are in parallel with each other.

The current in the circuit now has two paths to flow through. If we
remove resistor R1 or R2 from the circuit, the current has only one path to
flow through from the negative to the positive end of the battery. Since it is
easier for the current to flow through two paths instead of one, THE
TOTAL RESISTANCE OF. A PARALLEL COMBINATION IS LESS THAN\
_THE_ RESISTANCE OF EITHER RESISTOR IN THE _CIRCUIT, The more’
" resistors we add in parallel, the less becomes the total resistance. This is
because we increase the number of paths through which the current can
flow.

If each resistor in Fig. 2-7A has a value of one ohm, it would be twice as
easy for the current to pass through the parallel combination than it would
be for it to pass through either one of the resistors alone. The total parallel
resistance would, therefore, be one-half of either one of the resistors, or

1A R

-l
FIG. 2-TA., PARALLEL CIRCUIT, FIG. 2-7TB. EQUIVALENT CIRCUIT.
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one-half ohm. THUS, WE CAN SAY THAT THE TOTAL RESISTANCE OF
TWO_EQUAL RESISTORS IN PARALLEL IS EQUAL TO HALF OF ONE
OF THEM. The schematic diagram in Fig. 2-7B shows the equivalent circuit
of Fig. 2-7A.
The total resistance of ANY TWO resistors in parallel may be found by
using the following formula:
R1 x R2
2-7 Ry = ———
@70 BT = o Re
For example, if R] and R2 of Fig. 2-7A are 3 and 6 ohms respectively, the
total resistance would be:

7 R1 x R2 3x6 18
U = —— =—=—=20h .
Tw Q R1 + R2 BT =376 9 me

The total resistance of ANY NUMBER of resistors in paralle]l may be
found by applying the following formula:

1
(2-8) Rp =———
_1. + L + L + etC.
Rl R2 R3

For example, if three resistors of 5, 10, and 20 ohms are connected in
parallel, the total resistance would be:

Ry 1 Ry 1 (least common
= = 7 denominator
1,1 1 1,11 is 20)
Rl1 R2 R3 5 10 20
1 = L 1 0 2 6 h
4 +2+1 7 X 7 " %9 onms.
20 20

SUMMARY OF PARALLEL CIRCUIT CHARACTERISTICS

(1) The total resistance of several resistors hooked in parallel is less than
that of the smallest resistor.

(2) Different amounts of current flow through the different branches of a
parallel circuit. The amount of current flowing through each branch depends
upon the resistance of the individual branch. The total current drawn from
the battery is equal to the sum of the individual branch currents.

(3) The voltage across all the branches of a parallel circuit is the same; in
Fig. 2-7A, the voltage across R1 is the same as the voltage across R2.

An example will illustrate the above principles.

0.2A R

1

Given: Current through R1is .2 A,
R1 = 50 ohms.
R2 = 200 ohms.

Find: (1) Current through R2.
(2) Total current.
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SOLUTION: Since we know the resistance of R1 and the current
through R1, we can find the voltage across R1 by using Ohm's law.

ERi =IR1XR1 ER1=.2X50 ER1=10V.

Since R1 is in parallel with R2, the voltage across R2 is the
same as that across Rl. Therefore, ERg = 10 V.

Knowing the resistance of R2 (given) and the voltage across
it, we can find the current through R2:
__ERZ = ___10 =] .05 Amp
R2 200

In a parallel circuit, the total current is equal to the sum of
the individual branch currents; therefore:

IRy =

It =Ip; + IR2
IT=.2A. + .05A, = .25 Amp.

SERIES-PARALLEL CIRCUITS. Circuits A and B of Fig 2-8 are called

SERIES-PARALLEL circuits. In circuit A, the 10-ohm resistors are mI
parallel with each other. But, this parallel combination is in series with the
20 ohm resistor. The total resistance of circuit A is computed as follows:

First find the resistance of the two 10-ohm parallel resistors, using

formula (2-7).

R1 x R2 10x 10 100 :
= = = — = 5 ohms. I
R1 + R2 10 + 10 20 I

Since the parallel resistors are in series with the 20 ohm resistor, the total

resistance of the combination is: § + 20 or 25 ohms.

In diagram B, the two 15-ohm resistors are in series with each other. This

series combination is in parallel with the 30 ohm resistor. The total
resistance of series-parallel circuit B is computed as follows: !

The resistance of the two 15-ohm resistors in series is 15 + 15 or 30 ohms‘.

|

1) @t 30 ohms
20 ohms
10 ohms N 150hms 150hms
A A Y
s )
— I + A _'] ll '4'ﬁ
A B

FIG. 2-8. SERIES-PARALLEL CIRCUITS.
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Since this 30 ohms is in parallel with the 30-ohm resistor, the total resistance
of the combination is:

Rt = —3OX30 = -90—0 = 15 ohms.

30 + 30 60

POWER. Whenever current flows through a resistance, there is friction
between the moving electrons and the molecules of the resistor. This friction
causes heat to be generated, as does all friction. We could also say that
electrical energy is changed to heat energy whenever current flows through a
resistor. The rate at which the heat energy is generated is the power that the
resistor consumes. This power consumption in the form of heat represents a
loss because we do not make use of the heat generated in radio circuits.

It is important to know how much power a resistor is consuming or
dissipating because it will burn up if it cannot stand the heat. Resistors are
therefore rated, not only in ohms, but in the amount of power that they can
dissipate without overheatmg The _unit of electrical power is the WATT or
KILOWATT. One kilowatt is equal o™ 1,000 watts. A resistor rated at §
watts is one which can safely dissipate up to S watts of power. If this resistor
is forced to dissipate 10 watts, by increased current flow, it may become
damaged.

Let us see how much power is dissipated in a particular circuit, and upon
what factors the power dissipation depends. Since the power is the result of
friction between the flowing electrons and the resistance in the circuit, the
actual power dissipated depends upon the current and the resistance. The
more current that flows, the more electrons there are to collide with the
particles of the resistance material. Also, the greater the resistance, the
greater is the resulting friction. The actual power dissipated in a resistor can
be found by the following formula:

(2-9) P= 2 xR where: P is the power in watts
I is the current in amperes

2
(I means I x I) R is the resistance in ohms

A problem will illustrate the use of this formula:
PROBLEM: Find the power dissipated in a 2,000 ohm resistor with 50
milliamperes flowing through it.
SOLUTION: First change milliamperes to amperes. This is done by moving
the decimal three places to the left. Thus, 50 milliamperes is equal to .05
ampere. Then, substitute the values given in formula (2-9):

P-12xR .05 .0025
= .05 x .05 x 2000 . x.05 x 2000
P =5 watts . 0025 5.0000

By using Ohm’s law and algebraically substituting in formula 2-9, we
arrive at two more formulas ﬁor obtaining power dissipation. Formula 2-10

——

—— ]

2-10) P=E
( e )_ - X1 "  where: P is the power in watts,

~ o E is the voltage in volts,
(2-11) P = _E_ I is the current in amperes,
- R is the resistance in ohms.
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states that the power is equal to the product of the voltage across a resistor
and the current through it.

Formula 2-11 states that the power is also equal to the square of the
voltage across a resistor, divided by the resistance of the resistor.

A few problems will illustrate the use of these formulas.
PROBLEM: Find the power dissipated in a 110 volt lamp if 2.4 amperes is

flowing through it.
SOLUTION: Use formula (2-10).
P=ExI 110
x2.4 )
P=-110V, x 2.4 A. 440
220
P = 264 watts ——264.0

PROBLEM: Find the current that will flow through a 2 watt lamp connected
to a 12 volt source.

SOLUTION: Formula 2-10 involves power, voltage and current. However, it
states what the power will be if we know the voltage and current. It does not
tell us what the current is if we know the power and voltage. We must
change formula 2-10 around so as to tell us what the current is equal to. We
do this by dividing both sides by E as follows:

P:EXI, %:M, %:IOI‘I:%

E

We then substitute the values given in the problem and solve.

1 -2 - 2 -1 Amp. or.166 Amp. or 166 ma.

E 12 6

Note that we have changed .166 Amp. into 166 milliamperes by moving
the decimal point three places to the RIGHT.
PROBLEM: If a S kilohm resistor is connected across 300 volts, what is the
power dissipated in the resistor.
SOLUTION: Use formula 2-11 to solve the problem.

E2  300x 300 90,000
P=— = = = 18 watts

R 5, 000 5, 000

If we require a resistor where 18 watts is to be dissipated, we order one with
a rating of at least 30 watts. It is always good design practice to use a resistor
that is capable of handling about twice the power actually dissipated.

The instrument that is used to measure power is called a WATTMETER.

ENERGY. Power has been defined as the RATE of doing work. The
actual work or capacity to do the work is called ENERGY. The energy
represents the amount of power used in a specific amount of time. Energy is
therefore equal to the power multiplied by the time. If a 100 watt lamp
burned for two hours, the power would be 100 watts, but the energy
consumed would be: 100 watts x 2 hours or 200 watt-hours. The unit of
energy is the WATT-HOUR. The kilowatt- hour and the watt-second are also
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used as units of energy. Another term for the watt-second is the JOULE.

In purchasing electricity, we pay for the total energy consumed and not
simply for the power. In other words, we are not billed for the rate at which
electrical work is being performed; we pay for the total electrical work or
energy that has been consumed. An example will make this clear.
PROBLEM: An electric company charges 6¢ per kilowatt-hour. How much
does it cost to-use two 120-volt, 75 watt lamps, for a period of 24 hours?
SOLUTION: The two lamps use 150 watts. The total energy consumed is the
product of the power and the time: 150 x 24 = 3600 watt-hours. We divide
by 1000 to get kilowatt hours.

3600

1000
Since the charge is 6¢ per kilowatt-hour, it would cost 6¢ x 3.6 or 21.6¢ to
use the two bulbs for 24 hours.

REVIEW PROBLEM: The problem presented below is an excellent review of
the principles of direct current theory learned to this point.

PROBLEM: Find: R2

(a) the total resistance 20n

(b) the total current.

(c) the current in each resistor RI R3
(d) the voltage across each resistor —_ ooV 300 40n
(e) the power dissipated by each resistor T

(f) the total power dissipated in the circuit.

= 3.6 kilowatt -hours.

ANSWER: The resistors are arranged in a “pi” network. We use the term
“pi” because the resistor arrangement resembles the Greek letter II.
Actually, the “pi” network is nothing more than the series-parallel circuit of
Fig. 2-8B.

(a) R2 and R3 are in series. Their total resistance is equal to the sum of the
two resistors or 20 + 40 = 60 ohms. The 60 ohms is in parallel with the 30
ohms. The resistance of this combination is found by using formula 2-7.

R1 x R2 30 x 60 1800
Ry = = = = 20 ohms
Rl + R2 30 + 60 90

The total resistance of the circuit is, therefore, 20 ohms.

(b) The total current is found by using Ohm’s law:
Er 100 volts

Im = —— = 5 Amperes
T R’I‘ 20 ohms o

(c) The current in each resistor is also found by using Ohm’s law.

The current in R1 = 1;—(;) = 3.33 Amp.

The current in R2 is the same as the current in R3 because they are in
series with each other. The current through the two resistors is equal to:
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-E _ 100V. _ ' 66 Amp.
R 60 ohms

(d) The voltage across Rl is obviously 100 volts. The 100 volt source is
directly across R1. The voltage across R2 is found by Ohm’s law.

E =1y x R2 1.66 x 20 = 33.2 volts.

The voltage across R3 is found in a similar manner:

E=I3XR3

1.66 x 40 = 66.4 volts.

(e) The power dissipated in each resistor is found by using the power
formula, P = [2R.

PRy = 3.332 x 30

11.09 x 30 = 332.7 watts.

PRy = 1.662 x 20

2.76 x 20 = 55.2 watts.

PR3 = 1.662 x 40 = 2,76 x 40 = 110.4 watts.

(f) The total power dissipated is equal to the sum of the individual powers
dissipated.

Pr = PRy + Ppj + PR3
Pp = 332.7 + 55.2 + 110.4
Pr = 498.3 watts.

The total power can also be found by using the total current and the total
resistance in the power formula,

Pr = I;% x Ry = 52 x 20 = 25 x 20 = 500 watts.

This checks with the above. The slight difference is due to rounding out
numbers after the decimal point.

3
SOLDERING AND PRINTED CIRCUIT WIRING. This book will not deal
with mechanical and electrical shop techniques. However, the FCC Study
Guides do contain a few questions on soldering and printed circuits.

The following information should give the prospective operator sufficient
knowledge to be able to answer any questions that may be asked on this
subject.

QUESTION: List several precautions which should be taken in soldering
electrical connections to assure a permanent junction.

ANSWER: The following precautions must be taken in order to make a good
electrical connection:
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(1) The parts to be soldered must be thoroughly cleaned. It would help if
the parts to be soldered were tinned - that is, a thin coat of solder is applied
to the parts prior to joining them together.

(2) A good mechanical connection should be made between the parts to
be soldered prior to actual soldering.

(3) The tip of the soldering iron should be clean, smooth and tinned.

(4) A good grade of solder with a rosin core flux should be used. Acid flux
should never be used. 4

(5) The soldering iron to be used should have a large enough tip and a high
enough wattage to provide sufficient heat to the joint to be soldered.

(6) Heat the work to be soldered and apply the solder to the work. Do not
heat the solder and simply allow it to drip on to the work.

(7) Do not move the parts while the solder is cooling. Apply only enough
solder to cover the joint.

QUESTION: Discuss etched wiring printed circuits with respect to the
following:

(a) Determination of wiring breaks.
(b) Excessive heating
(c¢) Removal and installation of components.

ANSWER: A printed circuit board is made up of an insulating material such
as mylar or epoxy. Thin copper strips or “leads” are etched or printed on
one side of the board. The copper “leads” represent the actual wiring that
connects various points together throughout the board. The component
parts are inserted on the other side of the board and their leads or *“pigtails”
are brought through holes in the board to the copper side. Here, they are
soldered to the copper strips.

Breaks in the copper etching can be physically observed by the naked eye
or by a magnifying lens. Anyone working with printed circuit boards should
own a magnifying lens because miniaturization makes it necessary. Breaks
can also be determined with the aid of an ohmmeter, or, if the power is on,
by tracing with a voltmeter.

A low wattage iron with a small, fine, properly tinned tip, should be used
when working on a printed circuit board. A large iron is too clumsy to use on
a printed circuit board. A large iron may cause adjacent copper strips to be
accidently bridged with solder.

A minimum amount of heat should be used on a printed circuit board.
Too much heat may cause the board to buckle, or it may cause the copper to
break away from the board. This, in turn, may result in open circuits.
Soldering on printed circuit boards should be quick and accurate.

When soldering a component to a printed circuit board, the pigtails of the
component should be inserted into clean holes. In order to prevent a
component from being exposed to too much heat, it can be mounted a slight
distance above the board and the pigtails can be crimped to hold it there
while soldering. When soldering transistors or diodes to a printed circuit
board or for that matter, to any type of circuit, the part should be placed
some distance from the board. This gives the heat of the iron a chance to
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dissipate itself before getting to the actual part itself. A heat sink, or other
means of conducting heat, can be clipped to the lead between the part and
the heating point to conduct and absorb the heat before it gets to the part.

In order to remove a part from a printed circuit board, we can carefully
cut the part away and neatly solder another part in its place without
necessarily putting the pigtails of the new part through the original holes. If
there are not too many other parts going through the same hole, and the area
of the part to be removed is not too crowded, the pigtails of the original
defective component being removed, can be taken out by applying heat to
the connection after the component has been clipped out, and quickly
removing the pigtails. We then make sure that the holes are clean and clear
for the pigtails of the replacement component to be inserted. We then apply
a minimum of solder and a minimum of heat to the connection. After we are
finished, the area should be inspected with a magnifying glass to make sure
that the soldering joint is not “cold” and also that there are no soldering
“bridges” across insulated copper strips.

PRACTICE QUESTIONS - LESSON 2

1. The instrument used to measure power is the:
a, ohmmeter c. wattmeter
b. power meter d. wavemeter

2. Ohm's law states that the:

a., current is equal to the voltage times the resistance

b. resistance is equal to the voltage divided by the current
c. voltage is equal to the current divided by the resistance
d. current is equal to the resistance divided by the voltage

3. Assume a DC circuit consisting of a 100 V source, a 250 ohm
resistor across the source, and a 50 ohm resistor and 350 ohm
resistor in series across the 250 ohm resistor. Find the volt-
age across the 50 ohm resistor.

a. 100V, b. 7.5V, c. 12,5V. d. 20V.

[$N

The ratio of current to voltage in a circuit is known as:
inductance b. capacitance c¢. conductance d. impedance

o

The resistance of two equal resistors connected in parallel is:
the sum of the two resistors

one-half of one of the resistors

one-quarter of one of the resistors

the average value of the resistors

QL OT MO,

. The total current in a parallel circuit is:

the same in each branch

equal to the sum of the individual branch currents
equal to the current in each branch, multiplied by two
none of the above

QO TP O™
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In a series circuit, the source voltage is equal to:
the sum of the individual voltage drops

the average of the individual voltage drops

the total resistance multiplied by the total current
a and ¢ are correct

The total current in a series circuit is equal to:
the current in any part of the circuit

the sum of the currents in each part

the total resistance divided by the voltage

the sum of the IR drops

A short circuit:

is found in every good electrical circuit

causes aheavy current tobe drained from the electrical source
prevents current from flowing

decreases the conductance of the circuit

Find the source voltage 30n  20n
of the circuit shown:

24 V,

100 V.

60V, y

50 V. i-es)

The unit of energy is:

watt b. joule c. coulomb d. electron

A 20 ohm resistor, a 15 ohm resistor and a 30 ohm resistor
are all hooked in parallel. What is their total resistance ?
6.7 ohms b. 65 ohms c. 15 ohms d. 30 ohms

The total resistance of Fig. 13 is: 50n
150 ohms

100 ohms 20n 80n
66 ohms

33 ohms Fig. 13 66V

{
The current through the 80 ohm resistor is:
.66 A, b. .33 A. c. 1.32A, d. .825A,

The power dissipated by the 20 ohm resistor is:
IW, b. 4-1/2W. c. 6.6W. d. 40 W,

Which of the following is correct? (3)

the soldering tip must be square

a 40-60 rosin core flux should be used

the work should be heated, rather than the solder

the solder should drip on to the junction of the two parts
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LESSON 3
MAGNETISM AND METERS

THE MAGNET. We are all familiar with the effects of magnetism. A
horseshoe magnet will attract iron filings. A powerful crane electromagnet
will pick up heavy pieces of iron. A compass needle will point to the North
pole. A magnet, therefore, is any object which has the ability of attracting to
itself magnetic materials such as iron or steel. Fig. 3-1 shows a horseshoe
magnet attracting particles of iron filings.

N

Magnet

Y — e
™ - & Iron Filings

FIG. 3-1. MAGNET'S ATTRACTIVE POWER.

When a magnetized bar of iron is suspended from a string tied around its
center so that it it free to rotate, it will come to rest with one end pointing
almost directly North. The end that points North is called the North-seeking
pole or the NORTH POLE and is marked N. The South-seeking pole of the
magnet is called the SOUTH POLE and is marked S.

LAW OF MAGNETIC POLES. If the North pole end of one magnet is
brought near the North pole end of another magnet, the magnets will repel
each other. The same reaction of REPULSION will occur if two South pole
ends are brought close to each other. If, however, a North pole and South
pole are brought close to each other, the magnets will attract each other. The
reason that the North pole of a suspended magnet points to the earth’s
North geographical pole is that the earth itself is a magnet. The earth’s South
magnetic pole is located near the North geographical pole.

The results of experiments in magnetic attraction and repulsion were
formulated into the LAW OF POLES which states that OPPOSITE POLES
ATTRACT EACH OTHER, WHEREAS LIKE POLES REPEL EACH
OTHER. Fig. 3-2 illustrates this principle.

We cannot see the forces of repulsion or attraction that exist between the
pole pieces of two magnets. However, we can assume that the North pole of
one magnet sends out some kind of invisible force which has the ability to
act through air and pull the South pole of the other magnet to it. This force
which exists between two like poles is one of mutual repulsion and the force
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Attraction Magnetic needle Repulsion

FIG. 3-2. ATTRACTION AND REPULSION,

between two unlike poles is one of mutual attraction.

It is important to note that the strength of the force between the two
poles varies inversely with the square of the distance between them. This
means that the further apart the poles are placed from each other, the
weaker the force between them will be. If we double the distance, the

strength is one-quarter as great and if we triple the distance, the strength
becomes one-ninth as great.

THE MAGNETIC FIELD AND MAGNETIC STRENGTH The invisible
magnetic force which exists in the air or space surrounding a magnet is called
the MAGNETIC FIELD. One way of showing what the magnetic field
around a bar magnet is like, is to sprinkle iron filings on a piece of paper
under which we place a bar magnet. The result is shown in Fig. 3-3. The iron

filings arrange themselves so as to LOOK like the field that surrounds the
magnet.
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Another way of showing the magnetic field is to draw a picture which
represents the intensity and the direction of the magnetic field around and
through the magnet. The lines that are drawn are CALLED magnetic lines of
force and the arrows indicate the direction of magnetic flow. See Fig. 3-4.
Notice that the lines of force leave the magnet at the North pole and return
to the magnet at the South pole. Note also that the magnetic field continues
flowing inside the magnet from the South to the North pole. These magnetic
lines, when taken as a homogeneous group, are called a Magnetic Field or
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FIG. 3-4. MAGNETIC LINES OF FORCE,

Flux. The complete path of the magnetic flux is called the magnetic circuit.
A magnetic flux can exist only if there exists a complete magnetic path.

Fig. 3-5 illustrates the magnetic field of attraction as it exists between the
North and South poles of two magnets. Notice that the magnetic field
appears to be “pulling” the two pole ends together.

e ————— T

R A N
(\\:;(\(\: /},’\I\' (‘\ II\\ 4\ (A
P S T
TEES SV HES
‘\\\: i~ _ »";/’ N \\ ~—
FIG. 3-5. UNLIKE MAGNETIC FIG. 3-6. LIKE MAGNETIC
POLES ATTRACT. POLES REPEL,

Fig. 3-6 illustrates the magnetic field of repulsion between two like poles.
Notice that the magnetic fields appear to be “pushing’ each other away.

3 THE NATURE OF MAGNETISM. The molecular theory of magnetism
holds that each of the tiny molecules of a magnet is itself a tiny magnet.
These tiny magnets are present in unmagnetized steel or iron. However, they
are arranged in a haphazard form, as shown in Fig. 3-7A. With this
arrangement, the magnetism of each of the molecules is neutralized by that
of adjacent molecules, and no external magnetic effort is produced.

UNMAGNETIZED STEEL MAGNETIZED STEEL
A B
FIG. 3-7. MOLECULAR THEORY OF MAGNETISM,
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When a magnetizing force is applied to an unmagnetized iron or steel bar,
the tiny magnetic molecules become aligned so that the North poles point
one way and the South poles point the other way. When this happens, the
magnetic fields of all the tiny magnets add up and there is an external
magnetic effect. The North poles of the molecular magnets all point to the
North pole of the magnet, and the South poles of the molecular magnets
point to the South pole of the magnet. See Fig. 3-7B.

The fact that tapping a steel bar in a magnetic field helps it become a
stronger magnet is considered support for this theory. When we tap the bar,
we are “‘helping the tiny magnets to move into their proper alignment”.

SHIELDING. If a non-magnetic object, such as a tennis ball, is placed in
the path of a magnetic field, as shown in Fig. 3-8, the lines of force would
pass right through the ball, just as light shines through a piece of glass.
However, if the tennis ball were covered up with a thick layer of soft iron,
the lines of force would flow through the soft iron and not through the
center of the ball. The reason for this is that the soft iron offers much less
resistance to the magnetic flux than the air does. This is illustrated in Fig.
3-9. Notice that the area in the center of the ball is now free of magnetic
flux. The above example illustrates the principle of magnetic shielding which
is so extensively used in electronic circuits.

==[s{ N3

FIG. 3-8. NO SHIELDING. FIG. 3-9. SHIELDING.

People who work near strong magnetic fields usually encase their watches
in soft iron through which the magnetic field will not penetrate. The delicate
watch movement is therefore protected and will not be adversely affected by
the magnetic field.

TEMPORARY AND PERMANENT MAGNETS. Soft iron can be mag-
netized easily by placing it in a magnetic field. However, as soon as the iron
is removed from the magnetic field, it loses most of its magnetism. Such a
magnet is called a TEMPORARY MAGNET. The small amount of magnetism
that does remain is called RESIDUAL MAGNETISM.

Steel or hard iron, which is difficult to magnetize, retains most of its
magnetism after it has been removed from the magnetic field. A magnet of
this type is called a PERMANENT MAGNET. Permanent magnets are usually
made in the shape of a bar or a horseshoe. The horseshoe type has the
stronger magnetic field because the magnetic poles are closer to each other.
Horseshoe magnets are used in the construction of headphones. Loud-
speakers use a form of bar magnet.

ELECTROMAGNETISM. The same type of magnetic field that exists
around a magnet, also exists around wires that carry current. This can be
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proven by placing a compass next to a current-carrying conductor. It will be
found that the compass needle will turn until it is at right angles to the
conductor. Since a compass needle lines up in the direction of the magnetic
field, the field must exist in a plane at right angles to the conductor. Fig.
3-10 illustrates a current-carrying conductor with its associated magnetic
field. The current flows from left to right and the magnetic field is in the
direction shown by the arrows. In Fig. 3-11, the current flows from right to
left and the magnetic field is in the opposite direction. This magnetic field
encircles the wire all along its length like a cylinder.
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FIG. 3-10. CURRENT LEFT TO RIGHT. FIG. 3-11. CURRENT RIGHT TO LEFT.

THE COIL. If the same conductor is wound in the form of a coil, the total
magnetic field about the coil will be greatly increased because the magnetic
fields of each turn add up to make one large resultant magnetic field. See
Fig. 3-12. The coil is called a SOLENOID or ELECTROMAGNET. The
electromagnet has a North and South pole, just like a permanent magnet.
The rule for determining which end is the North pole and which end is the
South pole is as follows: If we grasp the coil with the left hand so that the
finger tips point in the direction of the current flow, the thumb will
automatically point to the North pole of the electromagnet. Thus, we see
that the polarity of an electromagnet depends upon both the way in which
the turns are wound and the direction of the current flow. If we reverse
either the direction of the current flow or the direction of the windings, the
North pole will become the South pole, and the South pole will become the
North pole.

A compass placed within a coil carrying an electric current, will point to
the North pole of the coil. The reason for this is that the compass needle
lines itself up in the direction of the magnetic lines of force. You will recall
that inside a magnet, the direction of the field is from the South pole to the
North pole. This is also true in the electromagnet illustrated in Fig. 3-12.
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FIG. 3-12. MAGNETIC FIELD AROUND A COIL OF WIRE,
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There are various factors which influence the strength of an electromag-
net. They are:

(1) The number of turns. An increase in the number of turnsin a coil
increases the magnetic strength of the coil.

(2) The amount of current. If we increase the amount of current in a coil,
the magnetic strength increases.

(3) Permeability of the core. The core of the coil is the material within the
coil. It may be air, glass, wood or metal. If we wind the coil on an iron core,
we find that the strength of the electromagnet is increased by several
hundred times over what it is with an air core. The iron is said to have more
permeability than air; permeability is the ability of a substance to conduct
magnetic lines of force easily. Permeability is to a magnetic circuit as
conductance is to an electrical circuit. If we have a core with a high
permeability, we will have a large number of magnetic lines of force. This
will result in a stronger magnetic field. Iron and permalloy are examples of
materials having high permeability. Air is arbitrarily given a permeability of
“one”. The permeability of air is the basis for comparing the permeability of
other materials. Iron and steel, for example, have a permeability of several
hundred.

RELUCTANCE. Magnetic reluctance is similar to electrical resistance.
Magnetic reluctance is the opposition that a substance offers to magnetic
lines of force. It is the propery of a material that opposes the creation of a
magnetic flux within itself. The unit of reluctance is the REL or the
OERSTED.

MAGNETOMOTIVE FORCE. The magnetomotive force of a magnetic
circuit is similar to the electromotive force of an electrical circuit. The
magnetomotive force is the force which produces the magnetic lines of force
or flux. The unit of magnetomotive force is the GILBERT. The number of
gilberts in a circuit is equal to:

where: N is the number of turns
(3-1) G =126 xNx1I in the coil and
I is the number of amperes.

N x I, alone, is also known by the term AMPERE-TURNS. It is the number
of turns multiplied by the number of amperes flowing in the circuit.

3 RELAYS. The relay is a popular device that makes use of the principles of
electromagnetism. The basic function of a relay is to control a switch or
circuit from a remote point. The circuit to be switched may be some
distance from the operator or, heavy currents may be involved and it may be
impractical to bring these heavy currents to a small panel switch.

Fig. 3-13 illustrates two common types of relays. The relay in Fig. 3-13A
is called a “make-contact” relay. Contacts A and B are normally open (as
shown). When switch S is closed, current flows through the electromagnet
and pulls the arm holding contact B. Contact B then touches contact A and
the circuit that is connected to these two contacts remains closed as long as
current flows through the magnet. As soon as switch S is open, the
electromagnet loses its magnetism and the arm with contact B is pulled back
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to its normal position. The circuit that is connected to contacts A and B is
now open. We refer to this relay as a “Make-Contact” relay because it makes
contact when the magnet is energized.

’_é_aﬁ‘ AB
s g ] WAL RNL
g .
T T T T

FIG. 3-13A. A MAKE-CONTACT RELAY FIG. 3-13B. A BREAK-CONTACT RELAY,

Fig. 3-13B is a “Break-Contact” relay. It operates in a manner similar to
that of Fig. 3-13A. We call it a break-contact relay because it is normally
closed. When the relay coil is energized, the arm with contact A swings away
from contact B and the circuit is “broken” or open.

Combination relays are in use that can close circuits and open others at
the same time.

INDUCED VOLTAGE. If a coil of wire is made to cut a magnetic field, a
voltage is induced in the coil of wire. The same reaction will occur if the
magnetic field cuts the coil of wire. In other words, as long as there is
relative motion between a conductor and a magnetic field, a voltage will be
generated in the conductor. An induced voltage is sometimes called an
induced e.m.f. (electromotive force).

Fig. 3-14A shows a bar magnet being thrust into a coil of wire. The dotted
lines about the magnet represent magnetic lines of force. The relative
movement between the coil and magnet will result in the turns of wire of the

A. Magnet moving into coil. B. Magnet moving out of coil.

FIG, 3-14. INDUCING A VOLTAGE IN A COIL OF WIRE,
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coil being cut by the magnetic lines of force. The net result of this action
will be an induced voltage generated in the turns of the coil. This induced
voltage will, in turn, cause a current to flow in the coil. A galvanometer (an
instrument used to detect the presence of small currents) will deflect to the
right, indicating a current flow as a result of the induced e.m.f. Fig. 3-14B
shows the magnet being pulled out of the coil. The galvanometer needle will
now deflect to the left, indicating that the current is now in the opposite
direction. Reversing the direction of the motion of the magnet in relation to
the coil, reverses the direction of the induced e.m.f. This method of
electromagnetic induction is used in the generators which supply us with our
electricity.

If we wish to increase the strength of the induced e.m.f., we can do the
following:

(1) Use a stronger magnet.

(2) Use more turns on the coil.

(3) Move the magnet or the coil back and forth at a faster rate.

(4) Have the coil cut the lines of force at right angles, if it is not already
doing so. In other words, the more lines of force cut per second, the stronger
is the induced e.m.f.

In order to determine the direction of the induced current, we use
LENZ’S LAW. Lenz’s law states: When a moving magnetic field induces an
e.m.f. in a coil, a current will flow in such a direction as to form a magnetic
field within the coil, which will oppose the motion of the original magnetic
field.

METERS. There are many different types of meters and instruments used
in the electronics field. However, the most common meters, such as the
voltmeter, the ammeter and the ohmmeter, all make use of a basic meter
movement known as the D’Arsonval type of meter movement.

3 D’ARSONVAL MOVEMENT. The D’Arsonval type of meter movement
uses the principle of magnetic attraction and repulsion that has been
described earlier in this chapter. A simplified illustration of the D’Arsonval
movement is shown in Fig. 3-15. A coil of fine wire is suspended by two
spiral springs in a magnetic field created by a permanent horse-shoe magnet.

SCALE
SR PERMANENT
S N MAGNET
COIL - HAIR SPRING

FIG. 3-15. THE D'ARSONVAL METER MOVEMENT.,
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A pointer is attached to the coil. If current flows through the coil, a
magnetic field will be set up around the coil that will react with the field of
the permanent magnet. If the current flows through the coil in the direction
of the arrows, the left hand side of the coil will become a South magnetic
pole and the right hand side will become a North magnetic pole. This will
cause the coil to rotate in a clockwise direction (the South pole of the coil
moves toward the North pole of the permanent magnet).

The spiral springs at the end of the coil (in Fig. 3-15 only one spring is
shown; the other is hidden by the coil), tend to keep the coil from rotating.
The magnetic reaction between the coil and the permanent magnet over-
comes this resistance of the springs. If we increase the current through the
coil, the coil will rotate more. This is due to the increased magnetic reaction
between the permanent magnet and the stronger field of the coil. When the
current through the coil is removed, the two springs force the coil to return
to its original position.

The pointer that is attached to the coil deflects across a scale, thereby
indicating relative amounts of current that flow through the movement.

If the D’Arsonval meter movement is used alone as an instrument, it is
called a GALVANOMETER. The galvanometer merely indicates the presence
of current; its scale is not calibrated to read amperes, volts or ohms.

THE VOLTMETER. By adding a high resistance in series with the basic
D’Arsonval movement, we convert it to a VOLTMETER. This is shown in
Fig. 3-16A. The series resistor is called a multiplier and it 11m1ts the flow of
current through the delicate meter movement.

]
MULTIPLIER QMETER MOVEMENT VOLTMETER
2 V4
i v
— LOAD
—0 o FIG. 3-16B. MEASURING VOLTAGE.

FIG. 3-16A. THE BASIC VOLTMETER
CIRCUIT.

We can calculate exactly how much voltage at the voltmeter’s terminals
will cause a certain amount of current to flow through the meter movement.
With this information, the meter scale can be calibrated in volts.

In order to calculate the value of the multiplier resistor, we use the
following formula:

where: R = multiplier resistance,
(3-2) R = 1000 x E E = full scale voltage and
I = full scale reading of the basic

meter in milliamperes
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PROBLEM: We have a basic meter movement that deflects full scale when 1
milliampere flows through it. (This meter is referred to as a 0-1 milliam-
meter). Find the value of the multiplier resistor required to convert the
meter movement to a voltmeter that reads full scale when 400 volts is across
it.

SOLUTION: The multiplier needed is found by using formula (3-2):

g J000XE o ____10‘;0(’)‘400, R = 400, 000 ohms.
I .

Thus, a 400,000 ohm multiplier is required.

A voltmeter’s sensitivity depends on the current that is required to deflect
it full scale. The less current that is required, the more sensitive is the meter.
The sensitivity of the voltmeter is expressed in “ohms per volt” and is found
by dividing the total resistance of the voltmeter by its full scale voltage. In
the above example, the sensitivity would be:

400, 000 ohms

= 1000 ohms per volt.
400 volts

Another way of finding the sensitivity of a voltmeter is to divide the full
scale meter current into 1. In the above example, it would be:

1

— —  =1000 ohms per volt.
. 001 amp.

A voltmeter is always connected in parallel to, or across, the circuit that is
being measured. See Fig. 3-16B.

THE AMMETER. To convert the D’Arsonval meter movement to an
ammeter, we must add a SHUNT to it. A shunt is a very low value resistance
that is connected in parallel to the meter movement. See Fig. 3-17A.

Because the shunt has a much lower resistance than the meter movement,
most of the current flows through the shunt. Only a small amount of current
flows through the meter movement itself. Since the coil in the meter
movement is made of very thin wire, it would burn up if too much current
flowed through it.

|
&TER MOVEMENT
SOURCE N\ AMMETER

L O

A 4
\r
>
Y

LOAD

FIG. 3-17B. MEASURING CURRENT.

FIG. 3-17A. THE BASIC AMMETER
CIRCUIT.
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The scale is calibrated so that it reads the total current flowing through
both the meter movement and the shunt. The value of the shunt resistance
that is required to make the meter read a given full scale current range is
found by using the following formula:

R x I where: Rg = shunt resistance
(3-3) Rg = _m~* " "m Rm = meter movement resistance
Ig I, = full scale meter movement
current
Ig = shunt current

EXAMPLE: A 0-1 milliammeter, having a resistance of 15 ohms, is to be
used to make a milliammeter whose full scale reading is to be 50 milliam-
peres. Find the value of the shunt resistor.

SOLUTION: Use formula (3-3). Ig is 49 ma. because the 50 ma. will divide
so that 1 ma. will go through the meter and the balance (49 ma.) will go
through the shunt.

R, - 15X 001 _ 015 _ 0

. 049 . 049

3 There are times when one must figure out an unknown current value using
a milliammeter with a known shunt. The following problem illustrates this.
EXAMPLE: A one-milliampere meter having a resistance of 20 ohms was
used to measure an unknown current by shunting the meter with a 5 ohm
resistor. It then read .7 milliampere. What was the unknown current value?

20 OHMS

UNKNOWN
CURRENT

5 OHM/S SHUNT

FIG. 3-18. CALCULATING
AN UNKNOWN CURRENT,

SOLUTION: If 0.7 ma. goes through the 20 ohm meter, the voltage across
the meter is .0007 x 20 or .014 v. Since the shunt resistor is across the
meter, the voltage across the shunt is also .014 v. The current through the
shunt is E/R or .014/5 = 2.8 ma. The total unknown current is the sum of
the meter current and the shunt current - 0.7 + 2.8 = 3.5 ma.

An ammeter is always hooked up in series with the circuit that is being
measured. See Fig. 3-17B. An ammeter that is used to measure current in the
order of milliamperes is called a milliammeter.

THE OHMMETER. The ohmmeter is a basic instrument that measures the
resistance value of a resistor or circuit element. It is also used to test for
shorted or open circuits, as well as circuit continuity.

The basic ohmmeter consists of a current meter movement, a source of
low voltage DC and a current limiting resistor. This is shown in Fig. 3-19.
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The battery causes a current to flow through the meter. Since different
amounts of resistance at the ohmmeter terminals A and B will cause
different amounts of meter deflection, we can calibrate the meter scale in
ohms. Thus, we can place an unknown resistor at terminals A and B and read
its resistance on the meter scale.

Rl is a limiting resistor. It limits the flow of current through the meter
when terminals A and B are shorted. R2 is a zero adjust rheostat. It is used
to set the meter to zero ohms when terminals A and B are shorted.

RI
—ii
ZERO

METER
3v ADJUST

0-I
UNKNOWN RESISTOR

L o7y

FIG. 3-19, THE BASIC OHMMETER CIRCUIT.

PRACTICE QUESTIONS - LESSON 3

1. The unit of magnetomotive force is:
a. henry b. coulomb c. farad d. gilbert

DN

If we placed a compass inside a coil carrying direct current,
the North pole of the compass would:

point to the South pole of the coil

point to the North pole of the coil

point to the center of the coil

. shift back and forth until the current was shut off

w 0o

. The opposition to the magnetic lines of force in a magnetic cir-
cuit is known as:

a. ampere-turns c. resistance
b. reluctance d. reactance
4, The magnetism remaining in a material after the magnetizing
force has been removed, is known as:
a. residual magnetism ¢. conductance
b. permeability d. residual permeability
5. Ampere-turns may be defined as:
a. the square root of the number of turns, multiplied by current
b. the number of turns, multiplied by the square root of the current
c. the number of turns, multiplied by the current
d. one-half the number of turns, multiplied by the current
6. A relay does not use: (3)
a. an electromagnet c. a source of current
b. contacts d. a permanent magnet
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a.
b.

13.

16.

a.
b.

17.

The unit of reluctance is the:
mho b. gilbert ¢. ampere-turns d. oersted

Inside of a bar magnet, the path of the lines of force is:
from the North pole to the South pole

from the South pole to the North pole

either way, depending on the type of magnet

there are no lines of force inside a magnet

Shielding is accomplished by inserting the object in a:
lead container c. coil of wire
non-magnetic container d. soft iron container

The strength of an electromagnet will NOT be increased if we:
increase the number of turns

increase the permeability of the core

change the iron core to an air core

increase the current flow through the coil

What is the magnetomotive force, in gilberts, of a coil con-
taining 50 turns with 200 ma flowing through it?
12,600 b. 10 c. 12.6 d. 25.2

Find the value of the multiplier resistor required to converta
0-50 microampere meter movement to a voltmeter that reads
full scale when 100 volts is across it.

20,000 ohms c. 2,000 ohms

2,000 megohms d. 2 megohms

What is the sensitivity, in ohms per volt, of a 0-50 microam-
pere meter ?
20 b. 20,000 c. 50 d. 5,000

Find the value of the shunt that will convert a 20 ohm, 1 ma
meter movement into a 1.0 ampere meter.
.002 ohms b. .02 ohms c¢. 20 ohms d. .18 ohms

A 200 microampere meter, having a resistance of 15 ohms , 18
used to measure an unknown current by shunting the meter with
a 3 ohm resistor. The meter reads 120 microamperes. What
is the value of the unknown current? (3)

.48 ma b. 1.8 ma c. .6ma d. .72 ma

What, in a D'Arsonval meter movement, opposes the meter
action? (3)

the springs c. the electromagnet
the permanent magnet d. none of the above @)
a relay whose contacts are normally closed, is known as a/an:
break-contact relay ¢. open-contact relay
closed-circuit relay d. make-contact relay
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LESSON 4
ALTERNATING CURRENT

ALTERNATING CURRENT. The three previous lessons dealt with direct
current, a form of current that flows in one direction only. In this lesson, we
will study alternating current (AC), a type of current that periodically
reverses its direction of flow. Alternating current is produced by an AC
generator or alternator.

DEVELOPMENT OF THE AC WAVE. Let us see how we can develop or
generate AC. Fig. 4-1 shows a loop of wire which can be rotated between the
poles of a magnet. (The magnetic field that exists between the North and
South Poles is not shown in the diagram). If the loop of wire is rotated
through the magnetic field, an electromotive force or voltage will be induced
in the wire of the loop. This is because a conductor is cutting a magnetic
field, and whenever this happens, a voltage is induced in the conductor. The
voltage developed in the loop of wire will cause a flow of current. The
milliammeter, in series with the loop, will indicate this current flow.

One of the factors influencing the strength of the induced e.m.f. is the
relative cutting position of the loop, as compared to the direction of the
magnetic field. When the conductors of the loop cut perpendicular to the

Ma?

Zero Position 450 Position #1 900 Position #2

Ma‘

1800 Position #3 2250 Position #4 3600 Zero Position

FIG. 4-1. GENERATING THE ALTERNATING CURRENT SINE WAVE.
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FIG. 4-2. THE SINE WAVE,

magnetic field, a maximum induced voltage will be generated. When the
conductors of the loop are moving parallel to the magnetic field, no flux will
be cut and therefore, no voltage will be generated. If the loop is rotated at a
constant speed in a counterclockwise direction, a current will flow and its
strength and direction will vary with different positions of the loop. The
strength and direction of the current for different loop positions are
indicated in Fig. 4-1. Fig. 4-2 is a graph showing the relationship between the
amount of current and the different positions of the loop. Let us see exactly
what happens at the various loop positions. At zero position, the loop begins
its rotation with the ammeter indicating zero current. (The conductors of
the loop are moving parallel to the magnetic flux; therefore, no induced
e.m.f. will be generated.) When the loop has reached position #1 (45
degrees), the current flow, which is indicated on the meter, is in a direction
which we shall arbitrarily call positive. When the loop has reached position
#2 (90 degrees), the current is at a maximum, since the conductors are
cutting into the magnetic field at right angles. The current flow is still in a
positive direction. From position #2 to position #3, the current decreases in
value, but is still positive. At position #3 (180 degrees) the current is zero
once again, as it was at the start. This is because the conductor is moving
parallel with the magnetic field and is not actually cutting it. From position
#3, through #4 and back to the starting position, the current goes through
the same changes as it went through from starting position (zero degrees) to
position #3 (180 degrees). However, from position #3 to position zero, the
direction of the current has reversed itself and is now considered negative.
This is because the loop of wire is now cutting the magnetic field in the
opposite direction. The opposite of positive is negative, and this is shown on
the graph by drawing the curve below the horizontal center line. The curve
of Fig. 4-2, representing the varying current through the loop, is a waveform
known as the ALTERNATING CURRENT wave. The mathematical name
for a fundamental alternating current wave is a SINE WAVE.

The action just described is the basis for the alternating current generators
that supply us with electricity. Instead of one loop of wire, there is an
armature that has many turns of wire and it is rotated through a strong
magnetic field.

TO SUMMARIZE: ALTERNATING CURRENT, AS OPPOSED TO
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DIRECT CURRENT, CONTINUOUSLY VARIES IN STRENGTH (OR
AMPLITUDE) AND PERIODICALLY REVERSES ITS DIRECTION OF
FLOW.

CHARACTERISTICS OF THE SINE WAVE. A sine wave has the
following important characteristics:

(1) The complete wave, as shown in Fig. 4-3, is known as a CYCLE. The
wave is generated in one complete revolution of the loop, from 0 to 360
degrees.

(2) Analternation is one-half cycle, from 0° to 180°, or from 180° to 360°.

(3) The frequency of a sine wave is the number of complete cycles in one
second. If the sine wave of Fig. 4-3 takes one second to get from 0° to 360°,
its frequency is one cycle per second. If 60 such cycles are completed in one
second, the frequency would be 60 cycles per second. The time taken for
one such cycle would be 1/60th of a second.

(4) The height of the wave at any point is known as its AMPLITUDE. The
highest point of the wave is called the maximum or PEAK AMPLITUDE,
which in Fig. 4-3, is one volt. In a sine wave, the peaks always occur at 90
degrees and 270 degrees; the zero points always occur at 0, 180 and 360
degrees.

FIG. 4-3. THE SINE WAVE,

I‘_l_l 1 second [
i

LY.

The peak voltage, Ep, is the voltage from the O line to the maximum point
on either side of the O line. The Peak-to-Peak voltage is from the maximum
point on the positive side of the 0 line to the maximum point on the other
side of the O line. It is 2V. in Fig. 4-3. The sine wave of Fig. 4-3 represents
AC current as well as AC voltage. Peak current or peak-to-peak current has
similar meanings to their voltage counterparts.

FREQUENCY. The unit of frequency is CYCLES PER SECOND or
simply, CYCLES. The abbreviation for cycles per second is CPS. In recent
years, the electronics industry has adopted the term “HERTZ” instead of
cycles per second. The abbreviation for Hertz is Hz. In keeping with this
industry-wide change, we shall use the term Hertz to mean cycles per second.
The frequency of the AC power that is supplied to most homes in the United
States is 60 Hz. This is known as the POWER FREQUENCY. Radio waves
transmitted by radio stations have a much higher frequency than the 60 Hz.
power frequency; they are usually above 400,000 Hz. The abbreviation for
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FIG. 4-4. LOW AND HIGH FREQUENCY WAVES,

radio frequency is RF. Fig. 4-4 illustrates a low frequency of 60 Hz and a
high frequency of 1,000,000 Hz.

Sound waves which can be heard by the human ear are called AUDIBLE
SOUNDS, or AUDIO SOUNDS. The frequency range of audio sounds is
from 16 to 20,000 Hz. When sound waves are converted into electrical
waves, they become known as audio frequencies (abbreviated AF). For
example, when our voice is amplified by a public address system, the sound
waves from our throats strike the microphone and are converted into
electrical frequencies in the audio range.

Higher frequencies are generally expressed in kiloHertz (kHz) or mega-
Hertz (MHz). A kHz is equal to 1,000 Hz. The prefix “kilo” stands for one
thousand. In order to convert Hertz to kiloHertz, we divide the number of
cycles by 1,000.

A megaHertz (MHz) is equal to 1,000,000 Hertz. The prefix “meg” stands
for one million. In order to convert Hertz into megaHertz we divide the
number of Hertz by a million.

For example: 4,000,000 Hz =M = 4 MHz

1,000, 000

FREQUENCY VERSUS TIME. It has been previously stated that it takes
1/60th of a second to complete one cycle of a 60 Hertz AC wave. A simple
formula that gives the relationship between the time it takes to complete a
cycle and the frequency, is:

1
(4-1) Time = ——
frequency
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If we are interested in finding out how long it takes to complete a part of a
cycle of a particular frequency, then we must multiply the answer from the
above formula by a fraction representing that part of the cycle that we are
interested in. An example will make this clear.

PROBLEM: How long does it take for a 2 megacycle wave to complete 45°
of a cycle.

ANSWER: Using the formula (4-1), we find out low long it takes for one
complete cycle:

. 1
Time = 2, 000, 000 =, 0000005 sec.

We can change the answerto microseconds (millionths of a second)
by moving the decimal 6 places to the right.

.0000005 seconds = .5 microsecond (ms)

1
The fraction of a cycle for 45° is 34(;00 or —8— In other words,
450 is completed in% of the time of a full cycle.

.5 ms x% = .0625 ms
Thus, it takes .0625 ms. to complete 45° of a cycle of a 2 megacycle wave.

THE MEANING OF PHASE RELATIONSHIP. If two alternating current
generators are connected in series across a load, and if their armatures are
started rotating together from exactly the same point, two voltages will be
produced. Let us assume that the peak output of generator #1 is 4 volts and
the peak output of generator #2 is 3 volts. Since both generators start from
the same position, at the same time and at the same speed, they will both
produce their maximum and minimum voltages at the same instant. This is
illustrated in Fig. 4-5. Because the maximums and minimums of the two
waves occur at the same time, we say that the two waves are IN PHASE with
each other. Being in phase, the voltages become additive. Therefore, the re-
sultant peak will be neither 4 volts nor 3 volts, but 7 volts, the combination
of the two.

Now, let us assume that generator #2 is started an eighth of a revolution
(45°) after generator #1 has started. The output of the two generators will
reach maximum and minimum points at different times. They will now be

I ]
#9 #1
U4
4V
FIG. 4-5. TWO v 270° 360°
WAVES IN PHASE, o’ 90° /80 u
3V
I
L
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FIG, 4-6. TWO WAVES OUT -OF-PHASE,

OUT OF PHASE with each other, as shown in Fig. 4-6. It should be observed
that the same voltages are being considered here as in Fig. 4-5, except that
the 3 volt wave LAGS 45° behind the 4 volt wave. These waves are said to be
out of phase by 45°. If the 3 volt wave had started 90° later, the 3 volt wave
would lag the 4 volt wave by 90°. The angle by which one wave leads or lags
another wave is known as the PHASE ANGLE.

COMBINING OUT-OF-PHASE VOLTAGES. Voltages that are out of
phase cannot be added by simple addition, as we do with “in phase”
voltages. In order to combine voltages or currents that are out of phase, we
must use vector addition. Vectors are straight lines that are used to represent
the magnitude and direction of a given quantity. The quantity can be a
voltage, a current, a resistance, etc. The magnitude of the quantity is
denoted by the length of the line. The direction is indicated by an arrow at
one end of the line together with the angle that the veéctor makes with a
horizontal reference vector. \

The voltages of Fig. 4-6 are represented in vector form in Fig. 4-7. Note
that the angle between the two vectors is 45°, the difference in phase
between the two voltages. Also, note that the lengths of the lines corres-
ponds to the voltages of the two waves. In order to add the two waves
together, we use the “PARALLELOGRAM LAW’”’. At the end of the 3 V.
vector we draw a line parallel to the 4 V. vector. At the end of the 4 V.
vector we draw a line parallel to the 3 V. vector. A parallelogram is formed.
See Fig. 4-7B. The diagonal drawn frem the junction of the two original
vectors is called the resultant and it represents the sum of the two voltages.

4v,
’
\,
rresultant
459 ’
> >’
3v. 3v.
FIG. 4-7A. VECTORS REPRESENTING FIG. 4-7B. ADDING VECTORS.

VOLTAGES.,
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L RESULTANT a2
L HYPOTENUSE
90°

3v v
FIG. 4-8. VECTOR ADDITION IN A RIGHT TRIANGLE.

The length of the line represents the voltage of the sum and the angle that
the resultant makes with the two original voltages represents its relative
phase angle with respect to the other voltages.

If the phase angle between the two voltages is 90°, the parallelogram that
is formed becomes a rectangle. See Fig. 4-8. Since the two diagonals of a
rectangle are equal, the length of the hypotenuse (the side opposite the 90°
angle) also gives us the magnitude of the vectorial sum of the two vectors.
This can be found by measurement or by the formula for the hypotenuse of
a right triangle.

where: X is the hypotenuse
(4-2) X = a2 p2 a is one side

b is the other side

In fig. 4-8A, the vectorial sum of the two voltages is therefore:

X=Ja2+b2= J32,42 = JO+16= J25=5

Thus, the sum of a 4 volt sine wave and a 3 volt sine wave, 90° out of phase,
is 5 volts.
If the two sides of the right triangle are equal, formula (4-2) becomes:

X = \/a2 + a2 = \/2a2 = aﬁ =axl1l.414o0orl1.414xa

Thus, the sum of two equal vectors, 90° apart; is equal to 1.414 times one of
the vectors. This is shown in Fig. 4-8B.

If two vectors or voltages are 180° apart, as shown in Fig. 4-9A, they are
opposite one another and tend to cancel each other. Their sum is their
simple difference. If they are equal and 180° out of phase, their sum is zero

180°
a b a a+tb
4_@—> /.:: = @— —>
0/ b
A B C
FIG,. 4-9. ADDING VECTORS 180° OUT OF PHASE.
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because they cancel each other out.

If two voltages are O degrees apart, they are in phase and the sum of the
two voltages is their simple addition. This is shown in Fig. 4-9B.

EFFECTIVE VALUE OF AN AC WAVE. Let us consider a DC voltage of
100 volts, and an AC wave whose peak is 100 volts (see Fig. 4-10). We can
see that the DC voltage is really at its peak at all times. The AC wave reaches
its peak value only for a fraction of each cycle. If we connect a lamp, first to
the DC voltage, then to the AC, the lamp will light up more brilliantly when
connected to the DC. This is because the DC voltage remains at 100 volts
continuously, whereas the AC voltage reaches 100 volts only at two points
during each cycle. In order for the lamp to light with equal brilliance on AC
as well as on DC, we find that we must raise the AC voltage to 141 peak
volts. Effectively then, 141 peak volts of AC will light up a lamp as
brilliantly as does 100 volts of DC. The EFFECTIVE value of the 141 volt
peak AC wave is therefore 100 volts. This is illustrated in Fig. 4-11. Another
term for effective value is RMS value. RMS stands for ROOT MEAN
SQUARE.

pc” | T AC Xbpe
100v 10l<>v eff=100 v,
N\
AC Epeak=14lv
FIG. 4-10. FIG. 4-11.

DC LEVEL EQUALS PEAK OF AC WAVE. EFFECTIVE VALUE OF A SINE WAVE,

The effective value of an AC wave (either voltage or current), is 0.707
times its peak value. For example, the effective value of the above AC wave
is 0.707 x 141 volts or 100 volts.

CALCULATION OF PEAK AND EFFECTIVE VALUE. The peak value
of AC wave can be calculated from its effective value by using the following
formula:

(4—3) Epeak =1.41x Eeff

The effective value of an AC wave can be calculated from the peak value
by using the following formula:

(4-4) Eggp = 0.T0TxEp

Whenever an AC value is given in a text or read by a meter, it is
understood that it is its effective value, unless otherwise indicated.
In order to determine the peak value of an AC wave, the reading of an AC
meter is multiplied by 1.414. In addition to this method, there are other
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ways of determining peak AC voltages. There are special peak reading
vacuum tube voltmeters that measure the peak voltage or current directly.
(The vacuum tube voltmeter is discussed in lesson 8). Another way of
determining the peak voltage of an AC wave is to use the device that actually
exhibits the wave signal on the face of a large tube. Such a tube is called a
CATHODE RAY TUBE, and is fully discussed in lesson 8. The face of the
cathode ray tube can be calibrated with known voltages, and by comparing
these to the unknown voltage, we can determine the value of the unknown
voltage.

AVERAGE VALUE The average value of an AC sine wave is the
mathematical average of the instantaneous values of the sine wave. Since half
of the sine wave is negative and half is positive, the average value of a sine
wave is zero. However, when we use the term ‘‘average value” electrically, we
mean the average of an alternation or half cycle. The average value of an AC
wave is found to be 0.637 of the peak value. The following formulas state
this relationship:

(4-5) Eay = 0.637 x Epeqy and (4-6) L,y = 0.637 x Lyeny

The average value is used in rectifier systems, which will be discussed in a
later lesson.

INDUCTANCE. In a previous paragraph we learned that a current-carrying
coil of many turns behaves just like a magnet. The current causes a magnetic
field to surround the coil. If the current flowing through the coil is
alternating, the magnetic field will also be alternating. Fig. 4-12 shows a coil
with alternating current flowing through it. This alternating current produces
an alternating magnetic field around the coil which expands and collapses in
step (or in phase) with the alternating current. When the current is zero, the
magnetic field is zero; when the current reaches its peak at 90°, the magnetic
field reaches its maximum value. This is shown in Fig. 4-13. Since the field
starts from zero and builds up to a maximum, it is an expanding field. This
expanding field must cut through the conductors of the coil itself. According
to Lenz’s law, the cutting action induces an e.m.f. in the coil which opposes
the original current. In other words, alternating current flowing through a

NE
. ~_M
90| 180 70
Tim@ b=
FIG. 4-12. FIG. 4-13. MAGNETIC FIELD
AC FLOWING THROUGH COIL. AND CURRENT IN PHASE.
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coil induces a voltage into the coil that is in opposition to the original
voltage. The process wherein an induced e.m.f. is generated in a coil is called
SELF-INDUCTION. The coil of wire is called an INDUCTANCE. The unit of
inductance is the HENRY, and the abbreviation of henry is h. The symbol
for inductance is L. Smaller and more practical units of inductance are the
millihenry (mh) and the microhenry (uh).

1
1 millj = h
millihenry 1000 of a henry
1
1 microhenry = W of a henry

The energy stored in the magnetic field surrounding an inductance
carrying an electric current is found by using the following formula:

LI2 where W (watt-second) is in joules,
(4-7) W = —— L is in henries and
2 I is in amperes

The schematic symbol for inductanceis — QOO0 ~— or (YT T

FACTORS AFFECTING THE INDUCTANCE OF A COIL.

(1) Number of turns. The inductance of a coil varies as the square of the
number of turns. "o L1 _ T12

L2 T22
For example, if we have two coils of the same length and diameter and coil
#1 has four turns while coil #2 has eight turns, the inductance of coil #2 will
be four times the inductance of coil #1.

(2) Core material. The inductance of a coil varies with the core material.
An iron-core coil will have a higher inductance than an air-core coil. Since
iron has a higher permeability than air, there will be a stronger magnetic field
around the iron- core coil which results in a higher inductance.

(3) Length of coil. As the length of a coil increases, the number of turns
remaining. constant, the inductance of the coil decreases. This is because the
reluctance of the magnetic circuit increases due to the increased coil length.
This results in a weakening of the magnetic field.

(4) Diameter of coil. The inductance of a coil varies directly as the square
of the diameter. For example, if we double the diameter of a coil, the
inductance will increase four times.

INDUCTORS IN SERIES AND PARALLEL. Series-connected inductors
behave like series-connected resistors. The total value of inductors in series is
the sum of their individual values.

The total inductance of inductors in parallel is always less than the
smallest inductance in the circuit, and can be computed by using the
following formula:

L1 L2 L3
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The above rules for inductances in series or parallel are true only if the
inductances are far enough apart so that the magnetic fields around the
individual inductors do not affect any of the other inductors in the circuit. If
this is not the case, formulas (4-11) or (4-13) must be used.

MUTUAL INDUCTANCE AND COEFFICIENT OF COUPLING. When
AC is applied to coil A of Fig. 4-14, a varying magnetic field will develop
around it. This field will induce a voltage into coil B. Since this induced

FIG. 4-14. MUTUAL INDUCTANCE,

voltage is the result of current flowing in coil A, we speak of the mutual
inductance between the two coils. It is the effect of one coil upon the other,
and vice versa. The mutual inductance of two coils depends upon the
distance between the two coils and the angle between the two coils. The
smallest amount of coupling occurs when the coils are at right angles to each
other and/or when they are far apart from each other. The greatest amount
of coupling occurs when the coils are wound in phase, one over the other,
and on a closed iron core. When all of the magnetic flux of one coil passes
through all of the turns of the second coil, we have the maximum coupling.
This is sometimes referred to as UNITY COEFFICIENT OF COUPLING and
is given the numerical value of one. The coefficient of coupling is a measure
of the amount of coupling between two coils, and it varies from zero to one.
The formula for the coefficient of coupling is:

M where: K is the coefficient of coupling.
(4-10) K= —— It is a number from 0 to 1.
vL1x L2 M is the mutual inductance

between the two coils.
L1 is coil 1; L2 is coil 2.

PROBLEM: What is the coefficient of coupling between two coils having
inductances of .4 and .9 henry, respectively, if the mutual inductance
between the two coils is .4 henry?

SOLUTION:
.4 ) .
K= ———, K:-f-, K:——4—,K=.667
J4x.9 J 36 6

Where mutual inductance is present, the total inductance of two coils in
series and in phase is found by using the following formula:

55

WorldRadioHistory



(4-11) Lp =L1+ L2+ 2M where: Ly = total inductance.
L1 = inductance of coil 1.
L2 = inductance of coil 2.
M = mutual inductance.

M is either given or can be derived from formula (4-10). It is equal to:

(4-12) M=K x /L1 x L2 where K is the coefficient of
coupling.
PROBLEM: Two coils, one of 2 ph inductance and the other of 8 ¢h
inductance, are connected in series with a coefficient of coupling of .5. What

is the total inductance of the combination?
SOLUTION: First find the mutual inductance using (4-12).

M=K /LIL2; M=.5/2x8 M=2uh

Next find the total inductance, using (4-11).
Lr=L1+L2+2M; Lp=2+8+4; Ly =14uh,

If the fields of the two coils in series are out of phase (series opposing),
the formula for the total inductance is:

(4-13) Lqp = L1 + L2 - 2M,

INDUCTIVE REACTANCE. Due to the counter electromotive force of
self-induction, an inductance resists a change of current flow. This resistance
or holding-back effect is measured in ohms. Instead of being called a
resistance, however, it is called a reactance, an INDUCTIVE REACTANCE.
The symbol for inductive reactance is XL .

The formula for computing inductive reactance is:

(4-14) X{, = 27fL.  where 7 =3.14
f = frequency of applied voltage in Hz
L = inductance of the coil in henries

PROBLEM: Find the inductive reactance of a 10 millihenry coil at a
frequency of 60 Hz.
SOLUTION: First convert 10 mh to h; then use formula (4-14).

10 1
N N 2) Xy =27fL
(1) 10 mh 506 ! = 105 ° (2) Xp,

(3) 2x3.14x60x 1 3.768 ohms.
100

An inductance is sometimes called a “choke” because it opposes or
“chokes™ an alternating current flow. A filter choke is an inductance that is
found in power supplies. Its purpose is to oppose the flow of AC power
frequencies while allowing DC to pass through unopposed. An audio choke is
an inductance that is found in audio circuits. Its purpose is to oppose the
flow of audio frequencies while allowing DC to flow. A radio frequency
choke (RFC) is an inductance that is found in radio frequency (high
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frequency AC) circuits. Its purpose is to oppose the flow of radio frequency
currents while allowing the lower frequencies and direct current to flow.

IMPEDANCE OF AN INDUCTIVE CIRCUIT. In Fig. 4-15A, the total
resistance which opposes the flow of current is R1 + R2. The total resistance
to current flow in a series circuit is the sum total of the individual
resistances. If the circuit consists of resistance and inductive reactance, as
shown in Fig. 4-15B, the total resistance to the flow of current is called the
IMPEDANCE. The symbol for impedance is Z. The unit of impedance is the
ohm. Unlike the resistive circuit, the impedance of an inductive circuit is
NOT equal to the simple sum of the resistance and the inductive reactance.

R1 R2 _/‘o’U\_/\/\/\/\_
— N AN ANANA——

® -

FIG. 4-15A. FIG. 4-15B.
RESISTIVE CIRCUIT. INDUCTIVE-RESISTIVE CIRCUIT.

The impedance of an inductive circuit can be calculated by using the follow-

ing formula: where:

- _ /52 2 Z is the total impedance in ohms,
(4-15) Z = R+ Xy Xy, is the inductive reactance in ohms,
R is the series resistance in ohms.

Problem: If a circuit contains a coil and resistor in series, and if the coil has
an inductive reactance of 12 ohms and the resistor is 5 ohms, what is (1) the
total impedance and (2) the current? The source voltage is 130 volts.
Solution: Note that the impedance IS NOT simply the sum of R and XL, or
17 ohms. The impedance in an INDUCTIVE CIRCUIT must be calculated by
using formula (4-15).

z- VR 4+x.2 = /524122 - /25 144 = /169 - 13 ohms

The current in the circuit is simply the total voltage divided by the
impedance. This is in accordance with Ohm’s Law.

E _ 130
Z 13

I= = 10 amperes

3 SKIN EFFECT. When direct current flows through a wire, it flows
through the entire cross-sectional area of the wire. This is also true of
low-frequency alternating current. However, as the frequency of the alternat-
ing current increases, we find that an inductive reactance or opposition to
the current flow develops in the center of the wire. We can see from the
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formula for inductive reactance that it increases with increasing frequency.
The opposition at the center of the wire causes the high frequencies to flow
at or near its surface. This phenomenon is known as SKIN EFFECT.

The effects of skin effect can be reduced by using large diameter wires and
by coating the surface with a low resistivity metal such as silver. Hollow
copper tubing can be used for high frequency circuits since very little current
would normally flow through the conductor’s center.

3 ADMITTANCE. Just as the conductance is the reciprocal or opposite of
resistance, admittance is the reciprocal or opposite of impedance. While
impedance is the total opposition to AC, the admittance of a circuit
represents the ability of a circuit to conduct AC. The unit of admittance is
the mho. The formula for admittance is:

where Y is the admittance in mhos and

(4-16) Y = Z is the impedance in ohms

L
z

PHASE ANGLE OF AN INDUCTIVE CIRCUIT. If AC is applied to an
ordinary resistive circuit, the voltage and current are in phase with one
another. However, this is not true if AC is applied to an inductive circuit. If
we apply AC to a ‘“‘pure” inductive circuit (one that contains only
inductance and no resistance), the current will lag the impressed voltage by
90°. This is illustrated in Fig. 4-16. The waveform E starts 90° ahead of the

E I
R =X,
, 360°
o°  90° [¥o° 70° /360° 0 #5°
le-900.) —)‘45%
Ilags E Ilags E
FIG. 4-16. FIG. 4-17.
PURE INDUCTIVE CIRCUIT. INDUCTIVE-RESISTIVE CIRCUIT,

waveform 1. We say that the phase angle between the voltage and current is
90°. Since, in actual practice, a coil or inductance will always have some
resistance (the resistance of the wire), the phase angle between the applied
voltage and the current becomes less than 90°. The greater the proportion of
resistance, the smaller will be the phase angle. Fig. 4-17 illustrates the
current lagging the voltage by 45° in a circuit containing equal amounts of
resistance and inductive reactance. When there is all resistance and no
inductance, the phase angle becomes O degrees. The current and voltage are
then in phase. This is to be expected since it is the counter-e.m.f. of the
inductance which causes the current to lag.

To find the phase angle of the current with reference to the voltage in an
inductive-resistance circuit, we use the following formula:

58

WorldRadioHistory



X1, where: Tan 6 is the tangent of the
(4-17) Tang "R phase angle.
Xy, is the inductive reactance.
R is the resistance.

The answer gives us the tangent of the phase angle. By referring to the
trigonometry table, we can find the actual phase angle.

CAPACITANCE. We have thus far studied two radio parts that exert a
limiting effect upon current flow: (1) resistors, and (2) inductors. A third
limiting device which has a tremendous application in radio is the CAPACI-
TOR. A capacitor is a device having, in its simplest form, two conducting
plates separated by an insulator.

The symbol for capacitance is C. The unit of capacitance is the FARAD;
the symbol for farad is f. Since the farad is an extremely large unit of
capacitiance, it is very rarely used. The more common, smaller units of
capacitance are the microfarad (mf) which is equal to one millionth of a
farad and the micromicrofarad (mmf) which is equal to one millionth of a
millionth of a farad. The term, micromicrofarad, is no longer used. It has
been replaced by the term picofarad (pf).

The range of capacitors used in radio work may vary all the way from 1 pf
up to 1000 mf.

The dielectric is nothing more than the name for the insulating material
between the plates of a capacitor. Examples of dielectrics used in capacitors
are mica, ceramic, glass, oil and waxpaper. Capacitors with different
dielectric materials will have different capacitances. For example, a capacitor
with a mica dielectric will have a larger capacitance than an air dielectric
capacitor of similar dimensions. The dielectric determines the ability of a
capacitor to hold more or less charge.

Fig. 4-18 illustrates a two-plate capacitor connected across a battery.
When the switch is closed, a certain number of free electrons on plate A will
be attracted to the positive side of the battery. Plate A will therefore be left
with a positive charge. At the same time, plate B will have the same number
of electrons pushed onto it by the negative side of the battery. This electron
flow continues until a charge or voltage is built up on the capacitor plates.

plates 6\ A B A+
+ +

5t ¥

7' &

dielectric

dielectric \
lamp

s/witch_ || +

’
I‘\\

FIG. 4-18. CHARGING A CAPACITOR., FIG. 4-19. CAPACITOR DISCHARGING,
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This voltage is equal to the battery voltage. The plates of the capacitor are
now said to be electrically charged. Notice that the accumulated electrons on
plate B cannot cross to the other plate because of the insulator or dielectric
between them. The arrows indicate electron flow.

The electrons on the negative plate are actually held there by the mutual
attraction of the corresponding positive charges on the positive plate. This
mutual attraction creates an electrostatic or electric field through the
dielectric. This electric field is, in many respects, similar to a magnetic field.
It has electric lines of force or flux. These lines of force originate on the
negatively charged plate and terminate on the positively charged plate.

The charge on the capacitor plates depends on the size of the plates (the
capacitance) and the voltage of the battery. The symbol for charge is Q
(quantity of charge) and the unit of charge is the coulomb. The formula for
the charge on a capacitor is:

(4-18) Q =CE where: Q is the charge in coulombs.
C is the capacitance in farads.
E is the applied voltage in volts.

The energy stored in a capacitor which has a charge is found by using one of
the following formulas:

2 2
(4-19) w = 2E 4-20) w=CSE2 gy w-
2 ) 2C

where: W is the energy in joules

If we disconnect the battery from the capacitor, the capacitor will
continue to hold its charge. If a lamp is now connected across the charged
capacitor (Fig. 4-19), the excess electrons on plate B will flow through the
lamp and onto positive plate A. This is because electrons are attracted to a
positively charged body. During the brief time of the electron flow, the lamp

variable
capacitor

FIG. 4-20. VARIOUS TYPES OF CAPACITORS USED IN RADIO.
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will light for an instant, indicating that a current is passing through it. The
electrons will continue to flow until plate B no longer has a surplus of
electrons. Plate B is then said to have a zero charge. Plate B is now neutral
and of course, plate A will have regained its electrons so that it also is
neutral. The capacitor is now said to be DISCHARGED. A capacitor, then, is
a device in which electricity may be stored for a period of time. Fig. 4-20
illustrates several different types of capacitors used in radio work.

3 FACTORS AFFECTING THE VALUE OF CAPACITANCE. The capaci-
tance of a capacitor depends upon the following factors:

(IDTHE AREA OF THE PLATES. The capacitance of a capacitor is
directly proportional to the area of the plates. More electrons or charge can
be stored if the plate area is larger. By the same token, if the plate area is
smaller, the capacitance is smaller.

(2) THE DISTANCE BETWEEN PLATES. The capacitance is inversely
proportional to the distance between plates. The greater the distance, the
less is the capacity; the less the distance, the greater is the capacity.

(3) THE TYPE OF DIELECTRIC USED. The use of different dielectric
materials changes the capacity of a capacitor. For instance, if we substitute
mica for air as the dielectric, the capacitance increases by a factor of six. We
say that mica has a DIELECTRIC CONSTANT six times as great as air. The
various dielectric materials used in capacitors are assigned dielectric con-
stants. As the dielectric constant goes up, the capacitance goes up and vice
versa.

The capacitance formula (for a simple two plate capacitor) that ties these
factors together, is:

KA where:
(4-22) C =0.2249 - C is the capacitance in picofarads.
A is the area of one of the plates in

square inches. D is the distance be-
tween plates in inches., K is the di-
electric constant of the material sep-
arating the plates.

3 CAPACITOR COLOR CODE. In most cases, the value of a capacitor is
marked on its body. This is true for tubular types and ceramic capacitors.
However, most mica (“postage-stamp’ type) capacitors use color codes to
indicate their values. There are several color codes in existence. The most
popular one is the one adopted by the Electronic Industries Association
(EIA). See Fig. 4-21. The colors are read clockwise, starting at the upper left
hand corner. The first color indicates the code being used. White would
indicate the EIA code. Black would indicate the JAN (Joint Army-Navy)
code and silver indicates the AWS (American War Standards) code. In the
EIA system, the second color is the first significant figure of the capacitance
value in picofarads. The third color gives the second significant figure. The
fourth color (lower right hand corner) tells us how many zeros must be
added. The fifth color gives the tolerance and the sixth color indicates the
temperature coefficient. Fig. 4-21B illustrates a typical mica capacitor. Its
value is 220 pf, with a 5% tolerance. It uses the EIA code and has a
temperature coefficient of 0-70 ppm per degree C. The color-number table
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CODE FIRST NUMBER WHITE RED
l' r SECOND NUMBER l— r RED

FT] L1

A B

??? ???

l— l-THIRD NUMBER [ l- BROWN
CHARACTERISTIC TOLERANCE GREEN GOLD

0 black 7 violet

1 brown 8 gray

2 red 9 white
FIG. 4-21, CAPACITOR COLOR CODE. C 3 orange Tolerance

4 yellow 5% gold

5 green 10% silver

6 blue 20% no color

for capacitors is given in Fig. 4-21C.

THE VARIABLE CAPACITOR. Fig. 4-22 shows the schematic symbol of
a capacitor whose capacitance can be varied. This capacitor is known as a
VARIABLE CAPACITOR, and is used whenever the capacitance in a circuit

FIG. 4-22. VARIABLE
CAPACITOR SYMBOLS.

indicates }
rotor

must be changed frequently. The station selector in a radio receiver is a
typical example of a variable capacitor. A variable capacitor is shown in Fig.
4-23.

A typical operating range for a variable capacitor is from 25 pf to 40 pf.
Most variable capacitors are of the air dielectric type. A simple variable

@]

A, minimum B. intermediate C. maximum

FIG. 4-23. VARIABLE CAPACITOR SETTINGS.
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capacitor consists of two sets of metal plates insulated from each other and
so arranged that one set of plates can be moved in relation to the other set.
The stationary plates are the stator; the moveable plates, the rotor. As the
rotor is turned so that its plates mesh with the stator plates, the capacitance
increases. Fig. 4-23 illustrates the rotor position of a variable capacitor for
minimum, intermediate and maximum capacitances. If several variable
capacitors are connected on a common shaft so that all may be controlled at
the same time, the result is known as a “ganged” capacitor.

THE FIXED CAPACITOR. Fixed capacitors are capacitors that have a
non-adjustable value of capacitance. (See Fig. 4-20). They are usually made
of thin pieces of metal foil acting as the plates and a thin, solid dielectric
which is sandwiched between the plates. The most common solid dielectrics
used are paper, mica and ceramic. Typical values of fixed capacitors range
from | pfto | mf.

3 THE ELECTROLYTIC CAPACITOR. The electrolytic capacitor is most
commonly used where a large value of capacitance is needed. (See Fig. 4-20).
Values of electrolytic capacitors are from 1 mf up to | f. The plates are
usually made of aluminum foil with a liquid or paste chemical compound
between them. When a voltage is applied across the plates of an electrolytic
capacitor, a thin electro-chemical film is formed on the plates which acts as
the dielectric. This type of capacitor has polarity and its terminals or leads
are marked positive (+) and negative (—). The polarity must be observed
when using an electrolytic capacitor in a circuit.

VOLTAGE RATING OF A CAPACITOR. Capacitors are rated not only in
capacitance, but also by the maximum voltage they can handle before
breaking down. If the voltage across a capacitor is too high, the electrical
pressure will force the electrons to jump from the negative plate to the
positive plate. This will puncture the dielectric and, in most cases, will ruin
the capacitor. A typical capacitor would be rated as follows:

Capacitor - 8 mf
DC working voltage - 450 V,

DC WORKING VOLTAGE indicates that the capacitor may be used in
any circuit as long as the DC voltage or the AC peak voltage across it does
not exceed 450 volts.

CAPACITORS CONNECTED IN SERIES COMBINATION. When two or
more capacitors are connected end to end, as shown in Figs. 4-24 and 4-25,
the capacitors are said to be connected in series.

THE EFFECT OF CONNECTING CAPACITORS IN SERIES IS TO
DECREASE THE TOTAL CAPACITANCE OF THE CIRCUIT, just as the
total resistance of circuit is decreased when resistors are connected in
parallel.

The total capacitance of capacitors connected in series can be computed

by using the following formula:
63

WorldRadioHistory



1 1 1
— + — + — + etc.
Cc1 C2 C3

A B A B ¢, ¢

A el

002 0015 .003 .0005

o O
E.M.F.
+ = Eurf
FIG. 4-24. CAPACITORS IN SERIES, FIG. 4-25. PROBLEM.

PROBLEM: If four capacitors with capacitances as shown in Fig. 4-25 are
connected in series, what is the total capacitance?
SOLUTION: Substitute in formula 4-23 and solve.

1
1 1 1 1
+ + +
.002 0015 .003 .0005

Ctr =

Dividing .002 into 1, we get,500, etc.

1 1
CT = =
500 + 667 + 333 + 2000 3500

= ,00029 mf or 290 pf.

From the above example, it should be clear that in a series arrangement of
capacitors, the total capacity of the series combination is always less than
the capacitance of any individual capacitor.

In a series AC circuit, the voltage across each capacitor is directly
proportional to the voltage of the source and inversely proportional to the
capacitance of the capacitor.

PROBLEM: Four capacitors having capacitances of 5, 10, 20, and 25 mf
respectively, are connected in series across a 110 volt source, as shown in
Fig. 4-26. What voltage will appear across each capacitor?

SOLUTION: The total capacitance in the circuit is found from formula
(4-23).

Ci C2 C3 C4

=

Suf 10uf 20uf 25uf

FIG, 4-26.
PROBLEM.
(~O}
\_/
IHOVAC
SOURCE
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Ct = , Cr =
101 1 1 101 1 1
—_— e — ¢ — =+ — ==+ —
ci c2 c3'ca 5 10 20 25
Cy = 1 CT =—, C = 2.564 mf
T = 3 1+.05+.0a° T7 7392 “T=% :

The voltage across each capacitance is found by taking the product of the
total capacitance, Ct, and the source voltage, Es, and dividing by the
capacitance of the capacitor in question, Cx.

Cpr x E
(4-24) By = —L S
X
Ct x Eg 2.564 x 110
El=——~ El=———""""_ EI =56.41 volts
C1 5
CtxE 2.564 x 1
E2 - —L =8 go 2984 x 110 by o5 5 valts
c2 10
Ct x E 9.5
E3- —— 5 g3 . 2:564x110 oo 141 voits
c3 20
Cr x Eg 2.564 x 110
E4d =— ° E4=———""__ E4 = 11.29 volts
c4 25

CAPACITORS CONNECTED IN PARALLEL COMBINATION. Fig. 4-27
illustrates three capacitors hooked together in parallel. Connecting capacitors
in parallel results in greatly increasing the effective plate area. Since the

¢
Ak
alle 01 mfd.
.002
mid +H-
C.
FIG. 4-27. CAPACITORS +])= )
IN PARALLEL, Alls !
‘093 Shows how the
mic Parallel Connection
of the Three
Cs Condensers
is Equivalent
Ql |; to Increasing the
AllB Effective Plate Ares.
005
mfd.

65

WorldRadioHistory



effective plate area is increased, the effective capacitance is also increased, as
shown in Fig. 4-27.

When capacitors are connected in parallel, the resulting capacitance is
equal to the sum of the individual capacitances.
PROBLEM: If three capacitors of .002, .003 and .005 mf are connected in
parallel, what is the total capacitance?
SOLUTION:

(1) Cr=Cl+C2+C3

(2) Ct = .002 + .003 + .005 = .01 mf.

THE CAPACITOR IN AN ALTERNATING CURRENT CIRCUIT. If a
capacitor is placed across an AC generator in series with an AC ammeter
(Fig. 4-28A) the following action occurs: When the left side of the generator|
is negative, electrons flow from the negative terminal of the generator to the
capacitor plate A. At the same time, electrons flow off plate B, through the
ammeter, to the right side of the generator. When the polarity of the AC
generator reverses, as in Fig. 4-28B, the electrons reverse in direction and
flow from the left plate, through the generator and ammeter, onto the right
plate. This reversal of current flow occurs many times in one second,
depending upon the frequency of the generator. The ammeter registers a
reversal of current flow since electrons flow through it, first in one direction
and then in the other. In other words, although an electric current does not
flow through the capacitor itself, it does flow in and out of the plates of the
capacitor and therefore, flows back and forth through all the components
connected in series with the capacitor. When it is said that AC flows through
a capacitor, what is actually meant is that the current is flowing in and out
of the plates of the capacitor. As far as the other components in the circuit
are concerned, the AC might just as well be flowing through the capacitor
itself.

1

CAPACITIVE REACTANCE. Fig. 4-28A shows a capacitor connected
across an AC generator. At the instant shown (left side of generator is
negative, right side is positive), electrons rush from the left side of the

A. Negative alternation. B. Positive alternation,

FIG. 4-28. CAPACITOR ACROSS AN AC GENERATOR,
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generator to the left plate of the capacitor. At first only a few electrons will
reach the capacitor plate, A. However, these few electrons will attempt to
repel the electrons that are approaching this capacitor plate. This same
action occurs on the plate B when the polarity of the generator reverses
itself. (See Fig. 4-28B). Every time the polarity of the generator reverses, the
first few electrons that pile up on the capacitor will repel the remaining
electrons. Thus we see that a capacitor offers a certain amount of opposition
to alternating current. This opposition is actually a COUNTER-E.M.F., since
the original charge on the capacitor plates represents an opposition voltage
to the generator voltage. This counter-e.m.f. will vary inversely with the
capacitance of the capacitor and the frequency of the AC generator.

The opposition or resistance that the capacitor offers to AC is called
CAPACITIVE REACTANCE. The symbol for capacitive reactance is Xc, and
its unit is the OHM.

In order to compute the capacitive reactance of a capacitor in an AC
circuit, the following formulas are used:

(1) When the capacitance is given in farads:

1 where X¢ = capacitive reactance in ohms,
m=3.14
2mfc f = frequency of AC in Hertz,
¢ = capacitance in farads

(4-25) X, =

(2) When the capacitance is given in microfarads:

1,000,000 _ 106 where Xc = capacitive reactance
- in ohms, 27 = 6.28,
2nfe 2m fc f =frequency of AC in Hertz,
¢ = capacitance in microfarads

(4-26) X, =

PROBLEM: Find the capacitive reactance of a 15 mf capacitor in an AC
circuit where the frequency of the generator is 1 kHz.
SOLUTION: Use formula (4-26)

108 106
27 fc 6.28 x 1000 x 15
106

X. = — = = 10.6 ohms
C " 94,2 x 103

There are times when we wish to find the value of a capacitor that will
give us a certain amount of capacitive reactance. In order to do this, we
simply take the above formula and transpose the Xc and the C. Mathematic-
ally, we have a right to do this. In effect, we are multiplying both sides by C,
then we divide both sides by Xc. The result is formula (4-27).

1, 000, 000 1, 000, 000

(4-26) Xo = 5 —— , (420 € =y

A problem will illustrate the use of this formula:
PROBLEM: Find the value of capacitance that will yield 3000 ohms of
capacitive reactance in a circuit where the frequency is 10 kHz.
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1,000, 000 1,000, 000 1, 000, 000
C = = = .0053 mf
2nfX, 6.28 x 10,000 x 3000 188, 400, 000 ~

A capacitor acts somewhat differently than a coil. The inductance of the
coil OPPOSES CURRENT CHANGES by means of a self-induced e.m. f.;a
capacitor OPPOSES VOLTAGE CHANGES by means of the counter-e.m. f
developed on its plates.

4 CAPACITIVE REACTANCE VERSUS FREQUENCY. An examination of
the formula for capacitive reactance indicates that the reactance of a
capacitor is inversely proportional to the frequency. In other words, as the
frequency goes up, the reactance goes down, and vice versa.

The proportional equation that shows thls is:

Xe1 9 where f1 is the frequency that gives us X1 and

= — f2 is the frequency that gives us X
Xea Ml vREE c2

If we know three of the four items in the formula, we can find the fourth
by algebraically solving for it. Assume that we know Xc2, f2 and fl. We
want to find Xcl. We simply multiply both sides of the equation by Xc2 and
arrive at the following equation:

f2 X9
f1

PROBLEM: What is the reactance of a capacitor at 1500 Hz if its reactance
is 500 ohms at 900 Hz?
SOLUTION: Use the formula developed in the above paragraph:

f2 Xc2 500 x 900 450, 000
Xl = = = = 300 ohms
f1 1500 1500

Xe1 =

THE PHASE ANGLE. In an inductive circuit, we found that the current
lags the impressed voltage. In a capacitive circuit, the opposite is true; THE
CURRENT LEADS THE IMPRESSED VOLTAGE. The current leads the
source voltage by 90 degrees in a pure capacitive circuit (see Fig. 4-29). If we
introduce some resistance into the circuit, the current will lead the voltage

" I-M ——l I'—J%

[ ] XC

©

I leads E by 900

FIG. 4-29. PURE CAPACITIVE CIRCUIT. FIG. 4-30. R-C SERIES CIRCUIT.
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by less than 90 degrees. When the resistance and capacitive reactance are
equal, the current will lead the voltage by 45 degrees. The greater the
resistance in the circuit, the smaller is the phase angle.

To find the phase angle of current with reference to the voltage in a
capacitive-resistive circuit, we use the following formula:

Xc where: Tan@ is the
(4-27) Tané = R tangent of the phase angle.

The answer gives us the tangent of the phase angle. By referring to the
trigonometry table, we can find the actual phase angle.

IMPEDANCE OF A RESISTANCE-CAPACITANCE SERIES CIRCUIT.
In a previous paragraph, we discussed the impedance of a series circuit
containing resistance and inductive reactance. We learned that the total
impedance of the circuit was not the simple sum of the resistance and the
inductive reactance. The same is true for the impedance of a circuit contain-
ing resistance and capacitive reactance. (Fig. 4-30). The formula used to
determine the impedance of a capacitive circuit is:

where:

(4-28) Z = /Rg + Xc2 R = series .rgsmtance in ol}ms.
X = capacitive reactance in ohms.

PROBLEM: If, in a series resistive-capacitive circuit, Xc =4 ohms and R=3
ohms, what is the total impedance?
SOLUTION: Use formula (4-28).

z2-JR2+X2 z-V3%+4> z-/o+16 Z=/25=50mms

TIME CONSTANT OF AN R-C CIRCUIT. Figure 4-31 shows a capacitor
in series with a resistor. At the instant that the switch is closed, current starts
to flow and the voltage across the capacitor begins to build up. After a while,
the voltage across the capacitor will be the same as the battery voltage. The
time that it takes for the voltage on the capacitor to reach the battery
voltage depends upon the values of the capacitor and the resistor. The larger
these two values are, the longer it will take for the full voltage to appear
across the capacitor. This relationship is expressed by a factor called the
“time constant.” The time constant is equal to the time it takes for a
capacitor to charge up to 63% of its final value. Its formula is:

Where: T is the Time constant in seconds,
(4-29) T=RC R is the resistance in ohms and
C is the capacitance in farads.

FIG. 4-31. AN
R-C CIRCUIT.
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The time constant is also equal to the time it takes for the voltage to drop,
or discharge to 37% of its initial value.
PROBLEM: What is the time constant of an R-C circuit composed of a 500
ohm resistor and a 10 mf capacitor?
SOLUTION: Use formula (4-29)

T =RC =500x 10 x 106 = 5 x 10-3 = . 005 sec.

3 TIME CONSTANT OF AN R-L CIRCUIT. The time constant of an R-L
circuit is the time it takes for the current in the inductor to build up to
63.2% of its maximum value. The formula for the time constant of an R-L
circuit is:
L where TC is time constant in seconds,
(4-30) TC = Rl L is inductance in henries,
R is resistance in ohms

The curve for the current build-up is exactly the same as the voltage build-up
curve across the capacitors in an R-C circuit.

A SERIES R-L-C CIRCUIT. The series circuit of Fig. 4-32 contains
resistance, inductance and capacitance. Since the inductive reactance and the
capacitive reactance act in an opposite manner to the current flow, they
tend to cancel one another. If the inductive reactance is equal to the
capacitive reactance, the resultant reactance will be zero. If the inductive
reactance is larger than the capacitive reactance, the resultant reactance will
be the difference between the two and it will be inductive. Conversely, if the
capacitive reactance is larger than the inductive reactance, the resultant
reactance remaining will be the difference between the two and it will be
capacitive. In other words, if a circuit contains 20 ohms of capacitive
reactance and 15 ohms of inductive reactance, the total reactance in the
circuit is equal to 5 ohms of capacitive reactance.

The following formula is used to find the impedance of a series circuit
containing resistance, inductance and capacitance:

where:

Z is the total impedance in ohms.
(4-31) Z = \/R2 + (X, - Xc)2 R is the resistance in ohms.
X1, is the inductive reactance in ohms,
X is the capacitive reactance in ohms.

PROBLEM: Find the impedance of a series circuit which contains a
resistance of 5 ohms, an inductive reactance of 22 ohms and a capacitive
reactance of 10 ohms (Fig. 4-32).

XC XL R
|l FIG. 4-32. R-L-C
on 22 n. S5n SERIES CIRCUIT.
(O
gV}
N/
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SOLUTION: Use formula (4-31).

z - JR2+ (X,- X2  Z= VR24 (22 - 10)2
Z= 254+ (12)2 = /25 + 144 = /169 = 13 ohms

There are times when we may want to know the value of the reactances
when the impedance and the other reactances are known. Let us assume that
we wish to find the capacitive reactance if we know the impedance,
resistance and inductive reactance. We take the formula given above for
impedance and algebraically solve for Xc.

z - VR2 + (X, - Xo)2, 22 =R%+ (X, - X2,
72 - R2 = (X[, - Xo)2 V22 - R? = X[, - X,
\/62 -R2 - X, = -X; , ortransposing, X; = X[, - vV 22 - R2

PROBLEM: Find the capacitive reactance of a series circuit if the impedance
is 13 ohms, the inductive reactance is 6 ohms and the resistance is 5 ohms.

Xe=XL-vZ2-R2 =6 - /13 - V144 =

The square root of 144 is plus or minus 12. This gives us two solutions: 6 —
12 = —6 and 6 + 12 = 18. The negative value is obviously wrong. The answer
is therefore 18 ohms.

Since current flows through the various components of the series circuit
of Fig. 4-33, there will be voltage drops across each component. However,
these voltage drops do not add up to the source voltage as they do when all
the components are resistors. Let us see how this comes about. Assume that
the current is 2 amperes. The voltage drops can be calculated with Ohm’s

law:
Ec=IxXe=2x10=20V,

Ep, =Ip; x X, =2x22=44V,
ER=Igx R=2x5=10V,

In order to calculate the source voltage, we use Ohm’s Law. In the problem
of Fig. 4-32, we found the impedance to be 13 ohms. Therefore:

E=1Z=2x13=26V,

—io" a4y 1oV
10na 22na Sa
FIG. 4-33. R-C-L SERIES CIRCUIT,
A\
~
N\
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The sum of the individual voltage drops is 74 volts whereas the source
voltage is 26 volts. Why is there such a large discrepancy? The answer lies in
the fact that the various voltage drops are out of phase with each other.
They are not acting at the same time. Also, the voltages across the capacitor
and inductor are opposite to one another and tend to cancel each other out.
Therefore, we cannot add these voltages up by ordinary addition. We must
add them vectorially. Vectorial addition takes into account the phases of the
voltages in addition to their magnitudes.

PARALLEL R-C-L CIRCUITS. If similar reactances are in parallel, as in
Fig. 4-34, the total reactance is found by using the formula for parallel

resistors.
1

(4-32) Xp =

1 s 1,1

Xc1 Xc2 Xc3

On the other hand, if different reactances are in parallel, as in Fig. 4-35,
we must take into account the fact that the reactances are acting OPPOSITE
to one another.

_LXC| _LXcz _I_Xcs ’ '°_l_
© T 7T 79 3 %

Fig. 4-34. CAPACITIVE REACTANCES FIG. 4-35. DIFFERENT REACTANCES
IN PARALLEL, IN PARALLEL,

If one of the reactances is considered positive, we must consider the other!
one as negative. Thus, the total reactance of Fig. 4-35 is:
1 or, since we are dealing XL x -X¢
(4-33) Xy = with only 2 reactances in XT =

—— -—— parallel, we can have
XL Xc

Xy, - Xc

12n
15

An example will make this rule clear. G
PROBLEM: Find the total impedance
of the circuit of Fig. 4-36. @

FIG. 4-36.

SOLUTION: We must first find the total reactance of the parallel combina-
tion of the 12 ohm inductive reactance and the 4 ohm capacitive reactance.
We will assume that the inductive reactance is positive. The capacitive
reactance must therefore be negative.

Xy x -X

X = L G 8 =ﬁ=—60hms
Xy, - X¢ 12 -4 8
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The negative answer indicates that the resultant reactance of the combina-
tion is capacitive. This is to be expected because the capacitive reactance is
smaller than the inductive reactance and more capacitive current will flow
than inductive current. If the inductive reactance were smaller, we would
have a larger inductive current and the resultant reactance would be
inductive. In series circuits, the resultant reactance is inductive if the
inductive reactance is larger and capacitive if the capacitive reactance is
larger. This is because there is a larger reactive voltage across the larger
reactance.

The total impedance of the series circuit is found by using a simplified
version of the impedance formula.

Z =Vx2 + R% = V(-6)2 + 152 = V36 + 225 =/261 = 16.15 ohms

4 Another way of calculating the impedance of a parallel circuit containing
inductive and capacitive reactance is to assume a voltage across the parallel
circuit. Then, using Ohm’s law, we can calculate the currents through each
reactance. The total current of the parallel circuit is then calculated by
simple subtraction because the two reactances are 180 degrees opposed to
one another. The total reactance of the parallel circuit is then found by using
Ohm’s law.

We can use this method in the problem of Fig. 4-36 and see if it checks
with the other method. Assume a voltage of 24 volts across the parallel
branch. The currents would then be:

[ = —= . 22
L™% 12 c 4
Current, I =Ic-Ij =6 -2=4A,

E 24
Z = —5f — = 6 ohms.

This checks with the impedance found in the previous method.

PROBLEM: Given the values of Fig. 4-37,
Find the total current. ooV S20a 10 ]

25n

L

SOLUTION: We first find the current in
each branch.

FIG. 4-37.
E _ 100 E _ 100
2.1 _5A Iy s = —— = 10A.
IR=% = 20 XL "%, T 10
E _ 100
=== — = 4A.
IXC Xc 25

The total current in a parallel circuit consisting of XL, XC and R cannot be

found by adding up the individual branch currents. They are not in phase.

They must be added vectorially and to do this, we use the following
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formula:

(4-39) Ip = VIg2+ (x, - Ixo)

T = V524 (10-4)2 - V25436 = VBI=17.8A.

4 THE PHASE ANGLE OF A SERIES R-L-C CIRCUIT. To find the phase

angle of current with reference to voltage in a series R-L-C circuit, we use the
following formula:

(4-35) Tang =X where: X is the reactance in
R the circuit.

Since XL and Xc oppose each other, we subtract one from the other to
find the resultant reactance. If XL is greater than Xc, the reactance is
inductive and the current lags the voltage. If Xc is greater than XL, the
reactance is capacitive and the current leads the voltage.

PROBLEM: A potential of 100 volts is applied to a series R-L-C circuit
containing an inductive reactance of 50 ohms, a capacitive reactance of 25
ohms and a resistance of 25 ohms. What is the phase relationship between
the applied voltage and the current in the circuit?

SOLUTION: Use formula (4-35).

Tan § = %, X = Xq, - Xc (because Xy, is larger),

X =50 - 25, X =25 ohms. TanO:%, Tang =1.0

From a trigonometry table, we find that the tangent of 45° equals 1.0. The
phase angle is, therefore, 45°. Since XL predominates over Xc, the reactance
is inductive and, therefore, the current lags the voltage by 45°.

SERIES RESONANCE. In a previous section, we studied a series AC
circuit containing resistance, inductance and capacitance. In order to find
the impedance of such a circuit, we had to use formula (4-31). Let us assume
that the values of L, C and the frequency of the AC generator are so chosen
that XL and Xc are equal. In this case, the quantity (XL — Xc) in formula
(4-31) would be equal to zero. The two reactances are equal and cancel each
other. The only opposition that remains in the circuit is the resistance, R.
Therefore, the IMPEDANCE IN A CIRCUIT, CONTAINING EQUAL
AMOUNTS OF INDUCTIVE AND CAPACITIVE REACTANCE IS EQUAL
TO THE RESISTANCE IN THE CIRCUIT. The current flowing in the
circuit is at its maximum value; and the IMPEDANCE OF THE CIRCUIT IS
AT ITS MINIMUM VALUE. The condition where the inductive reactance is
equal to the capacitive reactance in a circuit is known as RESONANCE.
Since the components of this circuit are in series, the circuit is known as a
SERIES RESONANT CIRCUIT. The frequency of the generator at reso-
nance is called the RESONANT FREQUENCY.

If the frequency of the AC generator is increased, the inductive reactance
will go up and the capacitive reactance will go down. The difference between
the two reactances is a number larger than zero. Our circuit is, therefore, no
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longer resonant. The impedance of the circuit has increased since the
resistance is no longer the sole opposition to current flow. The impedance of
the circuit is now determined by formula (4-31). Since the circuit impedance
has increased, the current will now decrease below its resonance value.

If the generator frequency is decreased, the inductive reactance goes down
and the capacitive reactance goes up. The reasoning in the preceding
paragraph applies here as well. In this case, the current also decreases below
its resonance value. We can therefore conclude that the current is a maximum
at resonance, and decreases on either side of the resonant frequency.

THE SERIES RESONANCE CURVE. If we were to draw a curve of the
variations of current with changes in generator frequency, we would obtain a
curve known as a RESONANCE CURVE. This is illustrated in Fig. 4-38 for a
series resonant circuit. The vertical direction represents the amount of
current flowing in the current for different frequencies. The horizontal
direction represents the different generator frequencies. As the frequency of
the generator is varied above and below the resonant frequency, the current
will vary in the manner indicated. Notice that the current reaches a peak
only at resonance, and decreases in value at either side of resonance.

/ _} RESONANT
[/ | M | FREQUENCY

/\\

FIG. 4-38. THE SERIES
RESONANCE CURVE,

I-CURRENT
—
(S —
——

F~-FREQUENCY

PARALLEL RESONANCE. Fig. 4-39 shows a coil and capacitor con-
nected in parallel across an AC generator. Note that RL represents the DC
resistance of the coil. If the frequency of the generator is adjusted so that
XL is equal to Xc, we would have a condition of resonance known as
PARALLEL RESONANCE. In a parallel resonant circuit, there are two
different currents flowing. First, there is the line current (Iline) which flows
from the generator, through the resonant circuit, and back to the generator.
At resonance, the line current is very low in value. The line current increases

FIG. 4-39.
PARALLEL RESONANCE,
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in value above and below resonance. At resonance, the line current supplies
just enough energy to the parallel circuit to overcome the losses in the
resistance of the coil. Secondly, there is the current which flows back and
forth between the coil and capacitor. This current, Ic, is called the
INTERNAL CIRCULATING CURRENT. At resonance, the internal circulat-
ing current is very high compared to the line current. Since the reactance of
the coil and capacitor are equal and cancel each other, the only opposition
to the internal circulating current at resonance is the resistance of the coil,
RL.

If the parallel resonant circuit has no resistance, no energy is dissipated as
the internal circulating current flows back and forth between the coil and
the capacitor. (Energy can only be dissipated in a resistance). Therefore, the
generator would not have to supply any energy, since none would be lost in
the circuit. Consequently, the line current would be zero. Practically
speaking, there will always be some resistance present in the circuit. Energy
will necessarily be dissipated in the circuit, since the internal circulating
current must flow through the resistance of the coil. In order to replenish
this lost energy, the generator will have to supply energy by way of the line
current flowing into the circuit.

THE PARALLEL RESONANCE CURVE. The resonance curve of a
parallel resonant circuit is illustrated in Fig. 4-40. The vertical scale
represents the amount of line current flowing in the circuit. The horizontal
direction represents the different generator frequencies. As the frequency of
the generator is varied above and below the resonant frequency, the current
will vary in the manner indicated. Notice that the current reaches a
minimum value only at resonance, and increases in value at either side of
resonance.

RESONANT
> FREQUENCY

I-CURRENT
—>

F-FREQUENCY

FIG. 4-40. THE PARALLEL-RESONANCE CURVE.

IMPEDANCE OF THE PARALLEL RESONANT CIRCUIT. The average
TANK CIRCUIT (parallel resonant circuit) encountered in radio has a very
low coil resistance. The energy dissipated will therefore be very low, and the
line current will also be very low. Since the line current is small, the
impedance (opposition to the line current) of a parallel resonant circuit must
be very high. Compare this with the low impedance of a series resonant
circuit. We will also find that the impedance of the parallel resonant circuit
decreases as the frequency of the energy that is injected into the tank circuit
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varies above and below the resonant frequency.
The characteristics of series and parallel resonant circuits are summarized
in the following table:

SUMMARY OF CHARACTERISTICS OF SERIES
AND PARALLEL RESONANT CIRCUITS

Series Resonant | Parallel Resonant

Circuit Circuit
Impedance low high
Current high line current - low.

Internal circulating
current - high.

E across circuit low high

Fig. 4-41 shows a circuit that is commonly encountered in radio
equipment. Cl and L1 form a parallel resonant circuit. Coil L1 is magnetic-
ally coupled to 2. Radio frequency AC is fed into the circuit at terminals A
and B. As ClI is varied, a point is reached where the Cl, L1 tank circuit is
resonant to the incoming frequency. At this resonant point, the internal
circulating current of the tank circuit is maximum and it induces a maximum
e.m.f. into L2. The meter across L2 reads this maximum value that occurs at
resonance. As we vary Cl on both sides of resonance, the meter reading
drops. Thus, we can tell by a maximum meter reading when the tank circuit

is at resonance.
Ao— L1 L2
£
Bo—
FIG. 4-41. MAGNETIC COUPLING.

RESONANT FREQUENCY. For every value of inductance and capaci-
tance in a resonant circuit, there is ONE frequency at which the inductive
reactance equals the capacitive reactance. This frequency is referred to as the
RESONANT FREQUENCY. The resonant frequency can be calculated by
using the following formula:

(4-36) ¢ 1 where:
- R =~/ — fR is the resonant frequency in Hertz
2nVLC 27 is 6.28

L is the inductance in henries
C is the capacitance in farads.

In order to find the resonant frequency when L and C are given in more
common units such as microhenries and microfarads, the above formula is
modified as follows:

106 where:
(4-37) fg=——— fR is the resonant frequency in Hertz
27JLC 2mis 6.28

L is the inductance in microhenries
C is the capacitance in microfarads
11
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It is important to remember that the resonant frequency of a circuit goes
up when either the inductance or capacitance goes down. This becomes
apparent if we inspect either formula (4-36) or (4-37).

There are two important variations of the formula (4-36). They are
formula (4-38) which is used for finding the inductance of a resonant circuit,
and formula (4-39) which is used for finding the capacitance of a resonant
circuit.

1012
(4-38) L = 4”2 fch where:
fR is the resonant frequency
m is 3.14
012 L is the inductance in microhenries
(4-39) C = ——— C is the capacitance in microfarads

PROBLEM: In a series resonant circuit composed of an inductance of 100
u1h and a capacitance of 150 pf, what is the resonant frequency?
SOLUTION: Use (4-37). |

6.28x 12.25 x 1072 7693

PROBLEM: In a parallel resonant circuit consisting of a coil having an
inductance of 50 uh, what is the value of the shunt capacitor in order that
the circuit resonate at 2.0 MHz?

SOLUTION: Use (4-39). ‘

fr =198 0ot = 150 x 106 me
R= or/ic’ S
o - 108 B 106
R™ 628x /100x150x 100 6.28x v150x 103 '
106 106 ‘
fr = = —— = 1,300,000 Hz or 1.3 MHz
i

1012
C=——— 2MHz=2.0x100Hz
472 (2L ‘
R
1012 1
C: ) C:"__ ’
4x9.86 x4x1012x50 9.86 x 800
1 3
C = —, C = .127 x 103,
7.888 x 10
C =127x10%mf, or C = 127 pf

THE Q OF A RESONANT CIRCUIT. The Q of a resonant circuit is the
gain or figure of merit of the circuit at the resonant frequency. The formula

for Q is:
X where:
(4-40) Q "R X is equal to the reactance (inductive or capac-
itive since both are equalin a resonant circuit).
R is the AC resistance.
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From the formula it can be seen that the Q falls as the resistance increases.
Thus it is important to keep the resistance as low as possible.

For frequencies below 30MHz,the resistance in the circuit is due mainly
to the resistance in the wire used in winding the inductor. At frequencies
above 30 MHz, the capacitor becomes inefficient due to the dielectric
becoming a poor insulator and causing energy loss. This energy loss is the
same as if series resistance were added to the circuit.

The Q of a tuned circuit determines its sharpness or selectivity. The higher
the Q, the sharper the response curve or selectivity. The lower the Q, the
broader is the response curve and the selectivity is poorer. We can
deliberately broaden the response curve of a resonant circuit by loading the
tuned circuit down with resistance.

The Q of a resonant circuit is also the voltage gain of the resonant circuit.
A voltage introduced into a resonant circuit gets multiplied Q times to give
us a higher output voltage.

Just as we speak of the Q of a tuned circuit, we can speak of the Q of a
coil or the Q of a capacitor. The Q of a coil is its figure of merit. It is equal
to its ability to store energy divided by the energy lost in the coil. The
ability to store energy is really its inductive reactance and the energy lost in
the coil is determined by the effective resistance of the coil. Hence the Q of
a coil is equal to:

4-41 Xy where: Xy, is the reactance of the coil and
(4-41) Q= R R is the total effective resistance.

In most circuits, the Q of the coil is very close in value to the Q of the
tuned circuit. This is because the capacitor has very little resistance.

A-C POWER. In Lesson 2, we learned that the power consumed in a DC
circuit is determined by using the following formulas:
2
P = EI P = I2R p-E
R

The power consumed in a pure resistive AC circuit is similarly determined,
using the same formulas where E and I are ineffective values.

In an AC circuit containing either inductance or capacitance, the voltage
and current are out of phase. (They are not acting together at the same
instant.) Therefore, the above formulas cannot be used to determine the
TRUE POWER in a reactive circuit. The product of Eeff, and Ieff. is called
the APPARENT POWER. This power is actually larger than the true power
consumed in the circuit. The true power is the heat dissipated in the circuit.
The electric company charges you for the true power consumed over a
period of time. Power can only be dissipated or used up in a resistive
element. Power cannot be dissipated in a pure capacitive or pure inductive
circuit.

The apparent power can be determined from the readings of voltmeter
and ammeter placed in the circuit, as illustrated in Fig. 4-42. The product of
these readings, volts times amperes or VOLT-AMPERES, is the apparent
power. The true power dissipated will always be indicated by a WATT-

METER.
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load FIG. 4-42, DETERMINING
APPARENT POWER.,

The one formula that can be used to determine the true power consumed
in both DC and AC circuits is:

where: [ is either the direct current or the
(4-42) P = 2R effective alternating current.
R is the resistance of the load.

POWER FACTOR. The power factor (PF) is the ratio of the true power to
the apparent power. The formula is:

True power

(4-43) PF =
Apparent power

It is also equal to the cosine of the phase angle between the voltage and
current. The power factor is an indication of whether or not the circuit is
reactive and to what extent. The greater the reactance, the smaller is the
power factor. Another formula for power factor is:

R where: R is resistance in ohms and
(4-44) PF - z Z is impedance in ohms.

3 THE WATTMETER. It has previously been stated that the true power can
always be determined by the use of a WATTMETER. Fig. 4-43 shows an
elementary type of wattmeter. It contains two coils; a movable coil and a
stationary coil. The movable coil with a se