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PREFACE

The study of rectifiers divides naturally into two parts:
first, the consideration of the rectifiers themselves and,
second, the study of the circuits in which they operate.
These two subjects may be almost entirely separated for
discussion, and yet in practice problems of both types
continually appear together for solution. For this reason,
this book consists of two parts, each of which is so arranged
as to be independent of the other. They may, therefore,
be studied simultaneously, or either section consulted by
itself, if a particular problem is to be solved.

The authors have used a treatment which appears to
them to be suited especially to American engineering
practice. The usual condensation of mathematical work,
for the sake of having it appear in a concise form, results
in the adoption of special methods behind which the
problem to be solved becomes almost totally obscured.
The present writers, therefore, have not limited them-
selves in the amount of space to be used, but have instead
picked out such mathematical processes as best set forth,
to their minds, the physical conceptions of the problems
discussed, and this usually results in the elimination of
lengthy algebraic transformations. Mathematics is thus
treated as a useful tool and is considered neither as the
end to be attained nor as a weakness to be concealed.

The first part of the book begins with a discussion of the
physics of several simple types of rectifiers and ends with
the mercury arc rectifier. In this section, the authors
have included the results of the labors of many workers
as well as a description of their own work.

No attempt is made to describe all the various types of
rectifiers which are in use. The principal object is to give

as clear an explanation of the action of the mercury are
'



vi PREFACE

rectifier as possible, and the other rectifiers which are
discussed are considered because they illustrate in a strik-
ing manner certain phenomena occurring in the mercury
device. This is necessary because the operation of the
mercury arc rectifier is not completely understood and
it is therefore desirable to set forth all the known facts in
as clear a manner as possible in order that a firm basis may
be available for constructive thought.

In the second part of the book, the authors have made
use of a mathematical paper of exceptional value by Walter
Dillenbach and Eduard Gerecke on the ‘‘Current and
Voltage Conditions in the High Capacity Rectifier,”
published in the Archiv fir Elektrotechnik.! This is the
first paper, to the authors’ knowledge, in which simul-
taneous conduction of current by more than two anodes is
considered. The most complete part of the paper deals
with this condition in a rectifier circuit having all the
reactance in the secondary windings, and the method is
indicated whereby more difficult problems can be solved.

Chapter IX, in the second part of the book, deals with the
secondary-reactance case considered by Dillenbach and
Gerecke, but the treatment, while fundamentally the
same, has been revised in such a way as to shorten the
discussion and eliminate a considerable part of the mathe-
" matics by placing more emphasis on the physical aspects
of the problem. The remaining chapters of the book
deal with more involved problems which unfortunately
predominate in high-power rectifier practice. These are
solved in a practical form by careful selection of the
mathematical processes used and by picking the problems
to be solved in such a way that their solutions will be use-
ful and the work necessary will not become so involved as
to make difficult a clear conception of what actually occurs.

Some of the symbols used in the discussion of rectifier
circuits will probably appear unusual and may meet with
disapproval. A great deal of confusion would be avoided
by the adoption of some standard nomenclature for recti-

1Vol. 14, No. 2, pp. 171-246, 1924.
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fiers. Where circuits are so complex, new symbols (par-
ticularly J for output current and G for output voltage)
which have a distinct and clear-cut meaning are extremely
useful.

No attempt has been made to discuss the details of
rectifiers as constructed by the various manufacturers at
present or the conditions under which they may be operat-
ing. Sufficient illustrations of apparatus have been picked
to show the result of theory in practice rather than to
give a comprehensive idea of commercial practice.

D. C. P.
F. B. V.

RESEARCH LABORATORY,
GeNERAL ELecTrIC COMPANY,
ScHENECTADY, NEW YORK,
October, 1926.
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PART I

MERCURY ARC AND
THERMIONIC RECTIFIERS



PRINCIPLES OF MERCURY ARC
RECTIFIERS AND THEIR
CIRCUITS

CHAPTER I
KENOTRON RECTIFIERS

Rectifiers.

A rectifier in the broadest sense is any device which pre-
sents a different resistance to the flow of cuirrent when the
direction is reversed. To be of value, however, the con-
ductivity in one directioni must be quite good and the
resistance to current tlow ir the:other direciion very high.
Such a device will then act.as an electrical check valve.

If a rectifier is conducting ‘a sieady direct current of
any magnitude, it can slsc nass an alternating current of
smaller magnitude; that is, a rectifier carrying a 10-ampere
direct current may also pass a 2-ampere alternating current
without distorting the latter in the least. This holds true
until the total current suffers reversal, and then the rectifier
will exercise its check-valve action.

Kenotron Rectifiers.

The kenotron is the most clean cut of rectifiers in its
action, and its operation is readily understood. For this
reason it will be considered first. It consists of a hot fila-
ment surrounded by an anode, the two being inclosed in
an evacuated vessel. Conductivity is due to the electrons
which are emitted by the filament in large numbers.
These electrons are negative charges of electricity and,
if the anode is made positive, they will be attracted to it.

Their passage across the space between the cathode
3
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The Filament.

The filament may be made of pure tungsten or of an alloy
or of platinum or nickel coated with certain salts. In
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Fi1Gure 3.—Emission from tungsten as a function of temperature.
any case the fundamental principle is the same. Heating
of the cathode adds to the kinetic energy of those elec-
trons in the material which are free to move about until

a point is réached when some of them have sufficient energy
to escape through the surface of the electrode. Once they
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have escaped, they may again strike the surface and be
recaptured, or they may be drawn away by some positively
charged body.

10 T

il

o
=

o
2
i

\ga[eo,

O~;

s

T
N

v

/ 7

Electron Emisalon (Amp/Watt)

o
o
=2

+H

\\
§

/

1
1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Temperature (Deg. K)

000

F1GuRrE 4.— Comparison of emissions obtained with pure tungsten and thoriated
tungsten.

Emission.
For pure tungsten, the law of emission is expressed by
the following equation which was derived from theoretical

considerations:!
—bo

I =AT?T (1)
where

current in amperes per square centimeter,
= absolute temperature in degrees K.,

= a constant = 60.2,

bo = a constant = 52,600.

1 Form due to S. DusuMan, Phys. Rev., vol. 21, No. 6, pp. 623-636, June,
1923. The original form of this equation was first given by O. W.
RicHARDSON.

e



KENOTRON RECTIFIERS 7

Figure 3, prepared from this equation, shows graphically
the variation of emission with temperature.

Conditions at the surface of cathodes of tungsten con-
taining thorium or of metal coated with certain salts are
more favorable for the escape of electrons and, hence, they
give much higher emission, as shown in figure 4.! Care
must be taken with such filaments that they are not burned
too brightly or their high emission will be lost.

Space Charge.

There is a limit to the number of electrons that can be
drawn across a space by a particular potential difference
regardless of the number which may be emitted. Once
the electrons are free in the space, they represent a charge
of negative electricity, and an electric field must exist
between this charge and the electrodes of the tube. If
any considerable part of this field went to the cathode, it
would cause a negative potential gradient at its surface
of sufficient magnitude to force back all the electrons
emitted. The major portion of the field, then, must be
located between the charge in the space and the anode.
For a fixed anode potential there is, therefore, a limit to
the number of electrons which can be in the space at any
time without making it impossible for other electrons to
enter from the filament region. As the electrons have mass,
as well as charge they will be accelerated and pulled across
the space at a definite rate. Hence, at a fixed voltage, the
space current will consist of a definite number of electrons
moving at a definite rate. In other words, the current is
limited by the space charge.

It is apparent that the velocity with which the electrons
start their passage between cathode and anode is capable
of affecting the number which cross the space. The elec-
trons are emitted with velocities enabling them to move
short distances against negative electric fields before they
are stopped. These velocities vary between wide limits,

1 For original data, see S. DusumMaN and Jessie W. EwaLp, Gen. Elec.
Rev., March, 1923.
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but the average electron can move only through a negative
potential difference of less than 1 volt.

Space-charge Law.

On the assumptions that more electrons are being emitted
than are needed, that they are emitted at zero velocity,
and that the cathode is an equipotential surface, the current
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FiGure 5.

drawn between a plane cathode and a parallel-plane anode
is given by the theoretical equation:!

1 =233 X 10-°¢ %6—2 (2)
where © = the current in amperes per square centimeter,
V = the potential difference between the electrodes
in volts,
x = the distance between the electrodes in centi-
meters.

If the cathode and anode are concentric cylinders, the
expression becomes

a

VZ

L »
i = 1465 X 107

3)

1IrvING LANGMUIR, Phys. Rev., N. S., vol. 2, pp. 450-486, December,
1913. See also C. D. CHILD, Phys. Rev., vol. 32, p. 492, 1911.
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where % = the current per centimeter of length,
r = the radius of the anode in centimeters,
V = the potential difference in volts,
B2 = a function of the ratio of anode and cathode
radii.
The value of g2 for different ratios of anode radius to
cathode radius is shown in figure 5.! It is ordinarily
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Ficure 6.—Graphical representation of a space charge field hetween plane
parallel electrodes.

considered to be unity for tubes of the usual proportions
(anode radius greater than ten times cathode radius); the
error involved appears to be offset by those involved in
other approximations.

Figure 6 illustrates graphically the conditions prevailing
in the space between the electrodes for the plane-parallel
case.

! IrvIiNG LANGMUIR, and KATHARINE B. BLoDGETT, Phys. Rev., vol. 22,
No. 4, pp. 347-356, October, 1923.
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Special Considerations.

Several errors are usually involved in the application of
equations (2) and (3) to an actual tube. First, there will
be a small error due to irregularities at the ends of the
electrodes. Second, the emission velocities of the electrons
will not be zero as assumed. The error involved in this
assumption has been carefully investigated and found to be

a0

Ep=21V
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Plate Voltage

Fi1GUuRE 7.—Characteristics of a kenotron.

of small magnitude in the usual case.! A third error
which is of importance occurs when the filament heating
power requires a voltage comparable with that applied
between the electrodes. This results in the potential
between anode and cathode varying for different sections
of the tube. In the extreme case, part of the tube does
not conduct current at all, due to thefact that the potential
is in the wrong direction. In this case, the active portion

1 IrviNG LANGMUIR, Phys. Rev., vol. 21, No. 4, pp. 419-435, April, 1923.
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of the tube increases with the plate potential, and the cur-
rent may be represented as the five-halves power of the
voltage instead of the three-halves.

Complete Characteristics.

By combining the emission equation (1) and the space
charge equation (2) or (3), there results the complete
characteristics of a kenotron as shown in figure 7. As the
potential difference between anode and cathode increases,
the current increases according to the three-halves-power
law until it approaches the total emission. It then flattens
out as shown, and the tube is ‘“saturated’ for that particu-
lar value of filament heating energy. All of the theoretical
emission is never available, as the filament is cooled locally
by the supports and in a filament folded on itself (as in a
V or W shape), the inner surfaces of the wire are screened
more or less by the other wires so that the electrons are not
drawn away freely. It should be noted, however, that the
filament temperature may be increased by radiation
received from the anode, and this will result in an increase
in the theoretical emission.

Space-charge Loss.

The work done on each electron as it is pulled across the
space by the electric field results in accelerating it. Each
electron arriving at the plate has a kinetic energy equal
to the product of its charge and the potential difference
through which it has passed. Arriving at the anode, the
movement of the electrons is arrested and their kinetic
energy is converted into heat. This represents power to
be dissipated by the anode of a kenotron equal to the
product of current and voltage drop across it. The
electrons are individually so light that their constant
impact does not ordinarily produce any erosion of the
anode material, but if their velocity is great enough (cor-
responding to voltages of the order of 30 kilovolts), appreci-
able emission of z-rays is produced and soft metals such
as copper may be worn away.
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Filament Loss.

The power lost in heating a pure-tungsten filament may
be obtained from figure 8' which gives the temperature,
emission, and other factors for a 10-mil wire with the con-
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Ficvre 8.—Heating energy for 10-mil tungsten filaments. Ior filaments of
diameter d, holding temperature constant:

. e d . , d
Emissiong = Emissionio X 10 Wattsa = Wattso X 10
- ., 1 . . d
Filament ampercqa = Filament ampereio X (I(T) Lifeq = Lifero X 10

Filanient voltsq = Filament volts;y X (%) o

version factors for other sizes. Since the filament is
usually inside the anode, the loss occurring in it will have
to be radiated by the anode in addition to the space-charge
loss.

! For original data, see LaANGMUIR, ‘“The Characteristics of Tungsten
Filaments as Functions of Temperature,” Gen. Elec. Rev., March, 1916.



KENOTRON RECTIFIERS 13

Field of Usefulness of Kenotron Rectifiers.

Consideration of figure 7 indicates the field in which
kenotron rectifiers are most useful. The tube of which
the characteristics are shown requires a filament excitation
of 52 amperes at 22 volts. The resulting emission is
large enough so that 6 amperes can be passed through the
tube, and the resulting space-charge drop is 1470 volts.
In the usual polyphase rectifier circuit, each tube carries
full current for one-third of the time. Hence, in a group
of three tubes, there would be a loss of 3.43 kilowatts for
filament excitation and 8.83 kilowatts for space charge,
or a total of 12.26 kilowatts. This corresponds to the
loss which 6 amperes would cause in flowing through a
resistance large enough to give a drop of 2043 volts. Using
this simple scheme to visualize efficiency, it is apparent
that the kenotron does not become comparable in efficiency
to a high-power transformer (98 per cent efficiency) until
the voltage reaches the order of 100 kilovolts. Since the
filament excitation represents only about one-third of the
total loss, no improvement in emission efficiency will greatly
relieve this condition.

The particular usefulness of the kenotron appears at
high voltages and it holds considerable promise in this field.
Should it become desirable to transmit power over long
distance by high-voltage direct current, it is very probable
that the required rectifiers could be constructed. X-ray
tubes have been built which operate at over 200 kilovolts.
To build kenotrons for similar voltages would require a
great deal of attention in arranging the parts so that the
necessary very high vacuum could be obtained and, also,
in seeing that the unavoidable residual gases would not
constitute a menace to the life of the tube. There appear
to be no well-defined limitations to progress in making
kenotrons for either higher voltage or currents. So far
kenotrons have not been made exceeding greatly the
current-carrying capacity indicated in figure 7, while a
direct voltage of 50 kilovolts has been reached in rectifiers
of considerably smaller current-carrying capacity.
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Due to the small mass of the electrons which the kenotron
uses for the conduction of current, these tubes are very
rapid in their action, and clean-cut rectification of radio
frequencies is readily obtainable with them. They are
also very useful when only a small amount of power is
required because of the simplicity of their construction
and operation. Hence, it is not strange that they are
widely used in radio work and in many laboratory experi-
ments. For power work, however, the best applications
are the cases in which the voltage is quite high. For low-
voltage work in which more than a few watts are required,
they are found to be less suitable.
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charge of the electrons. Electrons leaving the filament are
accelerated by the electric field. If they collide with
an argon atom! immediately after leaving the filament,
there will be no other result than a change in the motions
of the two bodies. If, however, the electrons are allowed to
acquire a certain velocity before making a collision, they
are able to break the atoms which they strike into two parts,
an electron and a positively charged argon ion.

The atom, before ionization, consists of a positively
charged nucleus surrounded by electrons moving in orbits
about it. The nucleus consists of positive charges (pro-
tons) and electrons. The proton charge is equal and oppo-
site to that of the electron, and there are more protons than
electrons in the nucleus with the result that the total charge
is positive. The nucleus is very firmly knit together.
Apparently it is impossible for it to change without chang-
ing the chemical element which it represents. The elec-
trons outside the nucleus, however, are not so firmly bound,
and it is possible to remove one or more of them.

The process of ionization, then, consists of the removal
of an electron from an otherwise neutral atom. The nature
of the impact of the external electron with the neutral atom
is not completely understood, but it is believed that the
electron passes very close to the atom and is able to disturb
the orbit of the outermost electron in the latter so that the
electric field of the positive nucleus isnolonger ableto hold it.

Recombination of Ions and Electrons.

Tons and electrons may recombine to form neutral atoms.
As the electrons enter the atoms and settle down to motion
in the fixed orbits, they radiate light which may be either
visible or outside the visible range. The complete adjust-
ment takes place in a series of minor movements, and each
transition results in the radiation of light of a frequency
peculiar to it. This light is the glow observed in tungar
bulbs in operation, and it does not mean that the gas is at
a high temperature.

! Argon is a monatomic gas.
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The process of ionization may be helped by this radiation;
that is, the energy derived by electrons settling into the
more stable orbits of some atoms may be absorbed by other
atoms and cause their electrons to move into orbits from
which they are more easily displaced.

Movement of the Electrons and Positive Ions.

The movement of the electrons and positive ions con-
sists of random motions in all directions, due to the frequent
collisions, plus general motions due to the electric field.
The explanation of conduction depends on both these
motions, which can be deduced from the potential distri-
bution between the cathode and anode. This has been
measured! and is of an unusual form. Starting from the
cathode which is assumed to be at zero potential, the volt-
age increases very rapidly until a value is attained about
half again as high as that on the anode (which is about
8 to 10 volts). From this point it decreases until the anode
is reached. The space may, therefore, be considered as
though divided into two sections, a thin sheath around the
cathode and the major portion of the space including all
the range between the anode and cathode with the exception
of this sheath.

At the outer boundary of the cathode sheath, there will
obviously be a marked change in the conditions of the
ionized gas. Inside the sheath no positive ions can be
formed because the electrons from the filament have not
had a chance to obtain sufficient velocity to make ionizing
collisions. When the outer surface of the sheath is reached,
the electrons will have sufficient velocity to ionize any
atom which they may happen to strike in the proper manner.
Due to the high density of the atoms, they will not have
far to travel before they strike one and lose their own
velocity in the process of ionization. Thisleaves them with
only a moderate velocity with the potential gradient in
either direction hindering their travel. Conditions, there-

1 K. T. ComproN and CARL Eckart, ““ The Diffusion of Electrons against

an Electric Field in the Non-oscillatory Low-voltage Arc,” Phys. Rev., vol.
25, No. 2, pp. 139-146, February, 1925.
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fore, do not favor the acquisition of sufficient velocity to
enable them to make further ionizing collisions. Hence,
very little ionization will take place except at the outer
boundary of the cathode sheath. The number of positive
ions and additional electrons formed at this point is quite
large, and this is necessary for the maintenance of the arc
because many are lost in recombination.

Some of the positive ions formed are attracted to the
cathode. There is a limit to the number which can move
in this direction, however, for they are so heavy that the
electric field cannot accelerate them rapidly, and they form
a positive-ion space charge about the cathode similar to the
electron space charge in the kenotron. The electrons
emitted from the cathode are drawn through this field in
the opposite direction and tend to neutralize it. The
number of them passing is high but their mass is so small
that they are drawn through very quickly. The result is
that the number in the space-charge zone at any time is
small compared with the number of positive ions, and the
field will be due in large part to the latter.

In the major portion of the space, the electrons and posi-
tive ions are so arranged that their densities at any point
are nearly equal. The slight inequality causes the potential
gradient which is in the direction to repel electrons from
the anode and attract positive ions. Such motions, how-
ever, would be in the wrong direction, and some other
force must also be acting to give a motion to the electrons
in the direction actually obtained. This is the mechanical
force due to the concentration gradient of the electrons
which are formed in such large numbers at the outer edge
of the sheath surrounding the cathode. Starting from this
point, they diffuse toward the anode against the electric
field and recombine with positive ions as they go, so that
only sufficient electrons reach the anode to correspond to
the current being conducted.

It will be seen that conduction throughout the entire
path is largely dependent on the motion of the electrons.
Movement of the positive ions represents a small current,
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but this is almost negligible in comparison with the elec-
tron currents, for the latter move much more rapidly under
the same conditions and are present in somewhat compar-
able numbers. The real value of the positive ions, there-
fore, is in neutralizing the space charge which would be
encountered if only electrons were present.

When the current is quite small, there may be insufficient
ions to neutralize the negative space charge. As the cur-
rent iIs increased, a glow suddenly appears and the drop
then falls-to the value characteristic of normal operation.

The Filament.

At the filament surface, the current consists of the posi-
tive ions entering and the electrons leaving it. As the
latter component represents by far the greater portion of
the current, it is apparent that the filament emission is of
considerable importance There may be an increase in
emission due to the presence of the positive-ion space charge
and bombardment of the filament by the positive ions
other than that due to the resulting increase in temperature,
though the amount of such additional emission is probably
small. On the other hand, the high gradient of the positive-
ion space charge is available when required so that all the
emission can be used and that no electrons will have to
return to the filament because of a lack of an electric field
to move them away. All this emission, of course, need not
be used if it is not required by the external circuit. The
emission easily obtainable from the filament is, then, at
least equal to the value corresponding to its temperature,
and the latter is increased somewhat by the bombardment
by the positive ions.

The bombardment of the filament by the positive ions
has another effect upon it. The material of the filament is
slowly worn away. Some spot will usually suffer more
erosion than the remainder of the filament and will becoyme
hotter, thus concentrating more load upon itself until it
finally burns out. This is the factor determining the life
of such rectifiers.
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Performance of Rectifier Units.

The arc-drop in a tungar rectifier is about 10 volts,
and the filament of a 5-ampere tube requires about 40 watts.
The equivalent of the latter loss may be obtained by
assuming the load current of 5 amperes to flow through a
resistance giving a voltage drop of 8 volts. The other losses
are those of the transformer and are of no great magnitude.
Neglecting the transformer losses and assuming the tungar
to be charging a 6-volt storage battery, its efficiency will

6 volts
be (6 volts + 10 volts + 8 VoltS>’ or 25 per cent, a very
fair efficiency when compared with that obtained with
other methods of accomplishing the same result. If the
battery were charged from a 110-volt, direct-current light-
ing circuit, using a resistance to limit the current, the
operation would be very simple, but the efficiency would be
less than 6 per cent. If a motor-generator set were used,
the no-load losses would be considerable, and while better
efficiency than that of the tungar might be obtained, the
operation would not be as simple and convenient. If
the tungar is supplied with a load of higher voltage, its
efficiency is much increased, 50 per cent efficiency being
obtained in cases which are far from the most favorable.

Limitation on Operating Voltage.

It has been shown how the normal conduction of current
through the tungar rectifier depends upon the emission of
electrons from the filament. Conductivity in the reverse
direction cannot occur by a similar mechanism, for the
anode is not normally a source of electrons. If too high a
voltage is applied to the tungar, however, conductivity in
the reverse direction takes place by means of a different
mechanism not well understood. One explanation, which
has the advantage of simplicity although not entirely accept-
able, states that the anode becomes a source of electrons
due to the bombardment of it by positive ions; that is,
the space between the electrodes is left full of ionized gas
when conductivity in the normal direction ceases and the
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positive ions are drawn over toward the anode by the
reversed electric field and strike it with sufficient force to
cause it to emit the electrons necessary for conduction of
current. Regardless of the mechanism, however, there is a
limit to the voltage at which tungar rectifiers will operate
satisfactorily, and in their present state of development,
completely satisfactory operation cannot be obtained
above a few hundred volts.



CHAPTER III

CONSTRUCTION OF MERCURY ARC RECTIFIERS

The mercury arc rectifier finds its greatest usefulness
in a field lying between those of the tungar and kenotron.
The positive ions of the mercury vapor neutralize the space-
charge effect of the electrons so that a low voltage drop is
obtained although not quite so low as that of the tungar.
The inverse voltage which can be held back is much higher
and the current-carrying capacity is very large so that
rectifiers can be constructed having a capacity of hundreds
of kilowatts.

For small capacities within the tungar range, the cost of
automatic starting equipment for the mercury rectifier
usually swings the choice to the tungar. For low voltages
(100 volts and less) combined with larger currents (over
15 amperes), the losses in a mercury arc rectifier are high
enough so that motor generators may have higher full-
load efficiencies, but at light loads the small stand-by
losses of the rectifier may give it an advantage even here.
Rectifier losses are practically the same at any voltage,
and above 600 volts it is difficult to find any device giving
greater efficiency and economy.

The upper limit of the voltage which can be carried by
mercury arc rectifiers has not yet been definitely indicated.
Rectifiers having an output voltage of 4000 or 5000 volts
are readily constructed in small sizes for special applica-
tions, but just how high a potential will be found as the
desirable limit for large units is not yet known.

The Cathode Spot as a Source of Electrons.

The most striking feature of the mercury arc rectifier is
the manner in which the electrons are obtained from the

cathode. The latter consists of a pool of mercury, and the
23
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source of electrons is a bright spot which moves about on
its surface. The passage of the arc current itself maintains
this spot, and there appears to be no limit to the number of
electrons which can be obtained by this means. For very
high currents several spots may carry the current.

Before the formation of the cathode spot, the rectifier
will not conduct current in either direction, and if the
cathode current is interrupted, the spot must be started
again. This is accomplished by means of an auxiliary
anode which can be brought into contact with the cathode
and then removed. By breaking a current passing between
the two electrodes, a small are is started and the cathode
spot established. For small rectifiers the auxiliary anode
usually consists of a small pool of mercury or an extra
anode at the side of the cathode which can be connected
with the cathode by tilting the tube. In large rectifiers
the starting anode is made movable.

In order to insure that some current is always passing
to keep the cathode spot in existence, it is necessary to
have more than one anode in a tube and so arrange the
circuit that at least one is always carrying current.

The mercury arc rectifier differs in principle, then, from
other rectifiers in two respects: first, in the use of the
cathode spot on the mercury and, second, in the use of a
number of anodes in one vessel. Other variations are
only the result of changing the details to get the best
mechanical construction and electrical performance.

No Interference between Anodes.

It is fortunate that the anodes of a mercury arc rectifier
do not interfere with each other. Kenotrons can be made
with only one anode. If more were present, the electric
fields due to those which were idle at any instant would
tend to drive the electrons back to the filament and thereby
greatly increase the potential necessary to cause electrons
to pass to those anodes which were carrying current. In
the” mercury arc rectifier this effect does not exist, for a
space charge of positive ions builds up around a negative
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electrode, and its field can extend only a very short distance.
Charges which may appear on the glass are neutralized
in a similar manner.

Bombardment of the negative electrodes by the positive
ions is not desirable because of the energy loss involved
and the gradual disintegration of the anode material.
This is not a bar to the use of a number of anodes in a single
vessel, however, for the bombardment can be greatly
decreased by placing the anodes in arms extending from
the main chamber, and for higher voltages these arms may
have bends in them. The arms then act as electric shields
even though they are of glass, while the distance which the
positive ions must travel is greatly increased and the
number collected is therefore quite small.

Development of the Mercury Arc Rectifier.

The apparently unique construction of the mercury arc
rectifier is the natural result of the manner in which it was
developed. The first use of mercury vapor to conduct
current in an apparatus at all resembling the present-day
rectifiers was by Peter Cooper-Hewitt, who invented the
mercury vapor lamp shortly before the opening of this
century. It was soon discovered that these lamps had the
properties of rectifiers, and this led to the development of
the glass mercury arc rectifier in its present form. The
methods used in manufacturing the glassware for the lamps
permitted bulbs of various shapes to be constructed rapidly
and cheaply, and these bulbs were found to be quite
satisfactory inasmuch as they can be sealed so tightly
that no gas can leak through them. Figure 11! shows
part of the collection of rectifiers built by Dr. Stein-
metz between 1903 and 1905 when he was investigating
the effects of various tube shapes upon the operating
characteristics. _

At the end of this period the rectifiers had reached nearly
their present form. Figure 12 shows a 4-ampere mercury
arc rectifier for series street-lighting circuits which might

! Taken shortly after Dr. Steinmetz’s death.
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is allowed to rise too high, the mercury vapor pressure will
increase beyond the value giving satisfactory operation.
The most serious difficulties encountered in building
iron-tank rectifiers have been in connection with the
insulators which must at the same time withstand both the
electrical and mechanical stresses and maintain a high
degree of vacuum. Innumerable schemes have been tried.
Those most used have been based on two theories, either
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Ficurr 16.—Porcelain anode seal.

~ of which may be seen by referring to figure 16 which shows
a porcelain anode seal. The anode stem carries a flange
which is held between two porcelain rings. The lower
porcelain which is the true insulator rests on a flange which
is bolted or welded to the tank assembly. The function
of the upper porcelain is to insulate the clamping system
from the anode lead. This clamping system consists of
two rings drawn together by bolts and heavy spring
washers. It holds the anode stem, insulator, and tank
flange firmly together. Gaskets of soft metal placed on
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pumps operating at least occasionally to remove the gases
which reach the inside of the rectifier.

Numerous attempts have been made to secure insulating
vacuum-tight seals which do not involve the bolting
together of materials of unequal coefficients of expansion.
In figure 17 is shown a construction embodying on a large
scale a type of seal used in z-ray tubes. The glass is
sealed to the alloy of iron and chromium, already referred
to in connection with the glass tubes, which has a coeffi-
cient of expansion so nearly equal to that of the glass used
that the strains caused by the heating and cooling of the
seal are quite small. Seals of this type are perfectly tight,
but are not so strong mechanically as the clamped types.

Insulation of Cathode.

Not only must the anodes be insulated from the iron
tank, but the cathode also must be insulated. There is
no tendency for the cathode spot to form on a clean iron
surface, but after operating a short time there are drops of
mercury clinging to the condensing surfaces, and cathode
spots may form on these drops if the tank and cathode are
at the same potential. If the true cathode is grounded to
the tank, the temporary cathode may take all the current
which can then pass to the mercury pool by conduction so
that the spot on the latter will be extinguished. After a
short interval the drop of mercury is completely vaporized,
and the parasitic spot is either extinguished or else attacks
the iron in case there is a high voltage induced preventing
complete rupture of the circuit. If the spot attacks the
iron, it is certain to liberate large quantities of gas and may
even burn a hole through the tank.

Difference in Arrangement of Iron and Glass Rectifiers.

The first iron-tank rectifiers followed closely the general
form of the glass tubes. The latter material is a poor
conductor of heat, however, and this necessitates the use
of a large condensing dome on glass rectifiers in order to
condense the mercury vapor without allowing the tem-
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F1GurRE 19.—Section through the rectifier shown in figure 18.
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Metal Rectifiers without Clamped Joints.

At present a type of rectifier is being developed which
represents a compromise between the glass and iron
types. Figures 20 and 21 show such a rectifier in which
the materials of the iron tank and anode leads are so made
that they can be sealed together by pieces of glass tubing
which act as the insulators. Such seals are absolutely
tight, and by proper treatment the tank itself can be made
leakproof. Rectifiers of this type can be exhausted and
sealed off in the manner used with glass tubes and, therefore,
need not have a pumping system attached to them while in
operation.



CHAPTER IV
THEORY OF MERCURY ARC RECTIFIERS

Although a great deal of work has been done upon it,
the physical side of the operation of mercury arc rectifiers
is not yet fully understood. Some points are pretty
definitely established but of other phenomena all that can
be said is that a variety of false hypotheses have been
disposed of while those remaining are consistent with
observation. This chapter, therefore, will be more of a
starting point in a search for the truth than a description of
theories which can be proved to be correct.

Mechanism of the Cathode Spot.

Conductivity has been seen to be dependent upon the
formation of the cathode spot on the mercury, and from the
nature of the conduction process the current can be carried
in only one direction. If cathode spots existed on the other
electrodes also, conductivity could occur in either direc-
tion, but such spots do not exist under normal operating
conditions and this gives the device the properties of a
rectifier.

The emission of electrons from the cathode spot appears
to depend on several things. As it is negative it is con-
tinuously bombarded by positive ions. Also, the losses
in the spot increase the temperature of the mercury surface
where the spot may happen to be, thus aiding emission by
thermionic means. Dr. Langmuir! has suggested a theory
of the cathode spot, however, in which these two effects
are only minor contributing factors. Under this theory
the positive ions attracted to the cathode are so numerous
that the resulting space-charge layer is very thin, and an

1 TrvING LANGMUIR, ‘‘ Positive Ion Currents in the Positive Column of the

Mercury Are,” Gen. Elec. Rev., November, 1923.
38
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enormous potential gradient is set up at the mercury surface
which draws the electrons out by a cold cathode effect
suggested by Schottky.! A gradient of the order of millions
of volts per centimeter is required and the cathode drop
is approximately 10 volts; so the space-charge film covering
the cathode spot would be roughly 10—* millimeters thick.
It is readily apparent why this spot does not start of its
own accord. If any ordinary potential were placed on
two electrodes, it would distribute itself more or less
uniformly over the space between them, and no gradient
of the required amount would even be approached. The
high gradient over the short distance is the peculiar charac-
teristic connected with the cathode spot and allows it
to emit the electrons under circumstances which tend to
maintain the gradient; that is, the pressure of the mercury
vapor immediately over the spot is quite high and the
electrons go only a very short distance before producing
positive ions which supply the positive-ion space charge
necessary for the existence of the high gradient.

It is apparent that special means will be necessary to
start the cathode spot. Spark coils can be used for the
purpose, but the most satisfactory and reliable method is
to use only a small voltage and apply it across an extremely
small distance, that is, allow another electrode to come into
contact with the mercury and then withdraw it.

Measurements of the phenomena of the cathode spot
are quite difficult, and no data have been published which
can be accepted without question. The figures given by
Giinther-Schulze? are among the best. He finds the area
of the cathode spot to be 2.5 X 10~* cm.2 per ampere or
that the current is 4000 amperes per square centimeter of
spot. The mercury evaporated is 7.2 X 10—2 grams per
second per ampere and the cathode drop he finds to be 9
volts. This is slightly less than the ionizing potential of

1ScrorTRY, Z. Phystk, vol. 14, p. 80, 1923.

? GUNTHER-SCHULZE, ‘‘Mercury Rectifiers and Their Physical Founda-
tions,”’ Engineering Progress, pp. 251-256, August, 1925. A full description
of Dr. Langmuir’s theory with data has not yet been published (October,
1926).
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mercury (10.4 volts), but as the ionization may result from
the cumulative effect of the impacts of more than one
electron, this figure is very reasonable. In the sheath
above the cathode spot he believes that 56 per cent of the
current is due to electrons leaving the mercury and 44
per cent is due to positive ions entering the mercury from
the ionized vapor. The velocity of the positive ions strik-
ing the mercury is that acquired by falling through the
potential drop of 9 volts, so that for every ampere of total
cathode current there will be an input of 0.44 ampere X 9
volts, or 3.96 watts to the mercury surface. On entering
the mercury, the ions are neutralized by combination with
electrons and this releases further energy equal to 3.1
watts. The total energy input to the mercury is thus 7.06
watts per ampere.

This energy is used in four ways: radiation, conduction
of heat from the mercury forming one side of the cathode
spot, heat used in evaporation of the mercury, and con-
sumption of energy by the electrons leaving the mercury.
This last represents the energy required to separate the
electrons from the mercury against the electrical forces
tending to retain them in the metal. Giinther-Schulze
divides the total energy as follows:

1. The consumption of energy by the elec-

trons on leaving the mercury............. .. 2.20 watts
2. The evaporation of the mercury........ 2.20 watts
3. Radiation............................ 0.04 watt
4. Conduction of heat from the spot by the
liquid mercury.......... ... ... ... ... 2.68 watts
Total. ... .. . ... ... 7.12 watts!

1 The difference between this figure (7.12 watts) and the product of a
9-volt cathode drop and a l-ampere current is used in producing ionization
in the space above the cathode spot. The electrons in passing outward
through the cathode drop acquire an energy represented by (.56 ampere X
9 volts, or 5.04 watts, which is used in making ionizing collisions, but 3.1
watts of this is returned to the cathode spot by the positive ions which enter
it and are neutralized. This leaves a net transfer into the ionized space of
1.94 watts per ampere giving a total loss of (7.12 + 1.94), or 9.06 watts.
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This is equal to the input to the mercury except for a
very small discrepancy.

Giinther-Schulze’s figure for radiation is compatible
with a cathode temperature of 3000°, a figure which appears
to be much too high. A temperature of 3000° would
undoubtedly show a continuous spectrum instead of the
characteristic line spectrum. The radiation factor, how-
ever, is negligible in any case. The figures as given are
quite valuable, as they indicate very well the nature of the
various phenomena of the cathode spot.

After leaving the mercury surface, the electrons are
accelerated by the electric field and when they have passed
through the sheath above the cathode spot, they are able
to ionize mercury molecules by collision. In this manner
part of the energy due to the passage of the ions and
electrons through the cathode drop of 9 volts passes into
the ionized gas directly without entering into any of the
reactions of the spot itself.

The evaporation of the mercury from the cathode spot
results in a tremendous pressure directly over the spot and
this depresses the mercury surface at this point. The
spot itself, however, does not stay in the bottom of the
depression formed in this manner but climbs up the side,
whereupon the pressure is applied to the new point and
the spot moves swiftly across the surface of the mercury
with many erratic changes in direction.

For very small currents the cathode spot is unstable;
that is, the conditions which maintain the spot are easily
disturbed so that it is extinguished. The exact minimum
value of current which can flow with assurance that this
will not occur depends on various circumstances, but 5
amperes is usually sufficient. If the load current through
the tube is not always at least this large, it is necessary to
provide additional electrodes to carry a small holding arc.
This is done by using two small electrodes just above the
mercury supplied with energy from a small transformer
and operating as a low-voltage rectifier. The loss incurred
in this way is usually less than 100 watts.
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Losses in Arc Stream.

The main portion of the path taken by the current in
passing between the anode and cathode is through ionized
vapor of somewhat uniform nature. This vapor contains
electrons, positive ions, neutral molecules, and negative
ions (formed by electrons attaching themselves to neutral
molecules). All the particles of the vapor have a random
motion with velocities of each type of particle distributed
in accordance with Maxwell’s distribution law from the
kinetic theory of gases.! The connection between the
velocities of the different types of particles, however, is
not what would be expected from the theory of gases—the
velocities of the electrons, for instance, giving them very
much more kinetic energy than that connected with the
neutral molecules.

Beside their random velocities the electrons will have a
general drift velocity toward the anodes, while the positive
ions will move toward the cathode and the neutral mercury
vapor will move toward the coolest parts of the tube where
it is condensed. The drift velocities are small compared
with the velocities of random motion. The most interest-
ing of them, of course, is the drift motion of the electrons
on which the conduction of the current depends, the motion
of the positive ions being quite small in comparison. (The
electron moves about 600 times as fast as the positive ion.)

Throughout the ionized vapor there will be excited
atoms, that is, atoms with electrons partially removed so
that they are traveling in paths from which they can sink
to more stable orbits with the radiation of light. This, of
course, represents a loss of energy, and another loss occurs
due to electrons and positive ions recombining, particularly
where they strike the walls of the tube. Also, the passage
of current adds to the random velocities of the vapor
molecules, thus heating the gas. To overcome these
losses there must be a potential gradient along the path of

L IrviNGg LaNneMuIrR and HaroLp Morr-SmiTH JR., “Studies of Electric

Discharges in Gases at Low Pressures,” Gen. Elec. Rer., July, August,
September, November, and December, 1924.
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the current so that the electrons are continually accelerated.
They can then give up the velocity acquired in this manner
by making collisions and thus replace the losses. The
voltage drop required to maintain the ionization in the
arc stream depends on the temperature of the vapor,
the current, and the proximity of the surfaces collecting
the ions and electrons. In rectifiers of the usual types of
construction it is between 5 and 15 volts.

Conditions at the Anodes.

Since the anodes do not emit positive ions, the anode
current represents electrons collected from the ionized
vapor. The electrons in the vicinity of the anode have
already been seen to have a random motion in all directions,
and a large number of them would hit it if it were at the
potential of the surrounding space and had no electric
field to attract or repel charged particles. In the same
manner a much smaller number of positive ions would also
strike it. If the current due to these two actions should
be equal to that being conducted by the rectifier, there
would be no anode drop.

If the product of random current and anode area is less
than the load current, there will be an electric field around
the anode tending to collect the electrons and repel the
positive ions. This field will form a sheath around the
anode of such a size that the outer surface of the sheath
will have an area of sufficient size to collect the necessary
electrons as they drift about with random motions.! In
other words, the product of this area and the random cur-
rent will be the load current.

Inside the sheath the electrons will be accelerated and
drawn toward the anode. On striking it they will give up
their kinetic energy and also will give up further energy
when they enter the anode material, aided by the surface
forces tending to retain them inside. This latter energy
corresponds to that given to them when they escaped from
the mercury of the cathode.

1 IrviNG LANGMUIR and HaAroOLD MoTT-SMITH, JR., loc. cit.
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It may happen that the product of the random current
and anode area will be greater than the load current. In
this case there will actually be a small negative drop at the
anode repelling the extra electrons. Attempts have been
made to build mercury arc rectifiers taking advantage of
this, but it is not easy to get a design in which the gain in
efficiency is large enough to warrant overcoming the
difficulties which are involved in the construction and
exhaust of the tube.

In the ordinary mercury arc rectifier, however, it is
essential to guard against a high anode drop. Dr. Lang-
muir! has shown that the random current is usually between
one and one-half to four times the drift current. If,
therefore, the anode area be a considerable fraction of the
cross-section of the arm in which it is located, it is very
unlikely that there will be an excessive drop.

It is apparent that the anodes will have to dissipate a
loss of several watts per ampere because the entrance of
the electrons into the anode material is alone equivalent
to the work done in passing through a potential drop of
3 or 4 volts (the so-called work function of the material),
and even with a retarding field around the anode, many
electrons cannot be prevented from striking it with a
velocity equivalent to another volt or two.

Part of the power dissipated by the anodes will be ‘con-
ducted away but a large portion of it is radiated. This
means that the anodes must run at a fairly high tempera-
ture. While metal anodes are used with satisfaction,
there are particular advantages connected with carbon.
It has a high melting point, it is an efficient radiator, and
the gases absorbed in it are easily removed by heating.
For these reasons it is almost universally used in the glass
rectifier tubes.

The Condensing Chamber.

The mercury which is evaporated from the cathode spot
is condensed in a chamber immediately above the cathode

1 JrRvING LaANGMUIR and HArRoLD MoTT-SMITH, JR., loC. cit.
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and runs back again. The temperature at which the
mercury is condensed is very important, for the condensing
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FiGUurp 22.—Arc-back curves for 10- and 20-ampere tubes with bent arms.
Cooled by natural air circulation.

chamber is the coolest part of the rectifier and determines
the temperature and pressure of the mercury vapor. It is
found that successful operation requires that the vapor
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pressure be within a certain range; if it is too high, arc-back
occurs; if it is too low, the arc-drop is excessive. These
points are discussed more in detail in the next two chapters.

The question of arc-back has received much study,
and although the exact mechanism is unknown, there are
indications of its nature. For any particular glass rectifier
tube the current and voltage at which arc-back occurs are
related as shown in figure 22. With an increase in load
current the temperature of the rectifier increases and its
ability to hold back the inverse voltage decreases. It is
apparent that this is one of the most important phenomena
connected with the rectifiers and that it must be intimately
connected with the area of the condensing bulb in glass
tubes which depend on air cooling. In iron-tank rectifiers
the area of the condensing chamber may be smaller for its
temperature can then be controlled by water jackets on
the outside of the tank.

Care must be taken to supply a path of large cross-section
from the cathode to the condensing chamber. At the low
pressures of mercury vapor used the volume to be condensed
is astonishing and it cannot pass through any but the
largest opening without suffering an increase in pressure.
If this occurs, the pressure is transmitted to the anode arms
with a eorresponding rise in arc-drop and decrease in the
arc-back voltage.



CHAPTER V

SOME PHYSICAL PROPERTIES OF MERCURY ARC
RECTIFIERS

Arc-drop Curve.

In the preceding chapter, the phenomena which give
rise to the arc-drop were discussed. Now the value of
arc-drop as determined experimentally will be considered.
Figure 23 shows the arc-drop curves for standard 20-ampere
glass rectifier tubes. These curves are all fairly flat with
a point giving minimum voltage drop. Six curves are
shown altogther, but several are practically coincident.
Between 6 and 20 amperes, curves were taken on a tube
with short straight arms and a tube with longer arms con-
taining a 90-degree bend to protect the idle anode from
bombardment by positive ions. The are-drop was about
4 volts greater for the tube with bent arms than for the
one with straight arms. Measurements were made with
a steady current from one anode and a steady current
divided between the anodes, but this appeared to make
very little difference in the voltage drop. These first
curves were taken with only natural air circulation to cool
the tubes. Two other curves extending between 6 and 45
amperes show the are-drop obtained when the tubes were
cooled by means of a 12-inch desk fan. For these curves,
the current was divided between the two anodes.

The effect of temperature on arc-drop is quite marked.
When the tubes were cooled by the fan, currents about three
times those previously carried resulted in approximately
the same value of arc-drop. This phenomenon is quite
useful at times, but it may also result in serious difficulties.
Suppose a tube is so designed that the are-drop is lowest

when it is carrying a fairly heavy load. If then the load
47
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be suddenly applied when the tube is cold, a higher are-
drop will result. The increased loss would not be serious
if it were distributed throughout the tube, but this is not
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the case. A large portion of the additional loss has to be
dissipated by the anodes, and this results in considerable
overload upon them for, under normal conditions, they
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have to radiate only a small fraction of the total loss
inside the tube. The anodes, therefore, heat very rapidly
and may be overheated before the remainder of the tube
reaches a temperature resulting in normal anode losses.

The fact that the arc-drop is dependent almost entirely
upon the temperature caused by the passage of the current
and not by the current itself is further illustrated by the
small difference in voltage between the curves where only
one anode carries current and where both carry current.
In either case, the total loss inside the tube is the same.
Hence, the temperatures are the same and the arc-drops
are equal. Arc-drop is, therefore, largely a function of the
total current carried by a rectifier rather than the current
to a particular anode.

Instantaneous Arc-drop.

The arc-drop curves which have just been discussed were
taken with steady currents, and the question, therefore,
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Ficure 24.—Arc-drop curve of a 20-ampere tube under oil at 70°C. Taken
with direct current.

arises whether the results obtained with steady currents
can be applied to a tube rectifying an alternating current
provided the temperature is the same. Figures 24 and
25 answer this question. Figure 24 shows the steady
current arc-drop curve of a 20-ampere tube with bent arms
submerged in oil at 70 degrees and figure 25 shows the
current wave form and measured arc-drop while running
as a rectifier under the same conditions of temperature.
The dotted arc-drop curve was obtained by taking the
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values of arc-drop from figure 24. The correspondence
between the two curves is very close. There is a slight
although not easily measurable difference which may be
attributed to the time lag in adjustment of the ionization
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Figure 25.—Arc-drop of a 20-ampere tube under operating conditions.
The lower curve shows the current-wave form and the upper curves show the
measured arc-drop and arc-drop as obtained from figure 24. Tube under oil
at 70°C.

of the vapor. For practical purposes, the arc-drop may be
estimated from curves obtained with steady currents.

Parallel Operation of Rectifier Tubes.

If two rectifier tubes or two anodes in the same tube are
connected in parallel and the current carried is of such a
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value that the arc-drop curves show a decrease in voltage
with an increase in current, it is obvious that parallel
conduction of current will represent an unstable state and
one tube will carry the entire current. This instability
also extends to the portion of the curves where the voltage
increases with the current—apparently the indicated
increment in voltage does not appear simultaneously with
a change in current. Tubes can be operated in parallel
by two schemes. For experimental work, resistances in
series with each anode are usually satisfactory. The
drop across them need be only a few volts. In commercial
rectifiers, this resistance loss can be avoided by the
use of a current-dividing compensator. This compensator
resembles a small autotransformer with a tap in the middle
of the winding. The anodes are connected to the ends of
the winding and the current enters through the midtap.
If it does not divide equally, there will be a voltage
induced in the compensator favoring the anode which is
not receiving its share. With normal operation, however,
the currents in each half winding are changing at the same
rate and no voltage is induced.

Failure of Mercury Arc Rectifiers at Low Voltages.

At low voltages, the failure of mercury arc rectifiers is
usually the result of the overheating of some part due to
excessive current. Anodes or anode leads may be melted
off, seals may be cracked, the anode arms may be melted
or gas may be driven from some of the parts. When glass
mercury arc rectifiers are exhausted at the factory, the parts
are heated by the passage of a~current, and the gases
evolved are pumped out. This process is continued until
no more gas is given off, and then the tube is sealed. As
foreign gases inside the tube very seriously impair its
operation, it will be seen that a thorough exhaust is of
great importance. If the tube is heated in service beyond
the temperature to which it was raised during exhaust,
gases are liberated by the overheated parts and the tube
may be ruined.
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Signs of Poor Vacuum or High Vapor Pressure.

The presence of foreign gases in a glass mercury arc
rectifier may be detected by the color of the light given off
by the vapor. This light is due to electrons changing their
orbits inside the atoms. This can occur in several ways
and transitions of each type result in the emission of
light of a particular frequency. Examined through a
spectroscope, therefore, the light due to mercury alone
consists of several bright lines in the yeliow, green, and
violet, and a much weaker line in the red with dark spaces
between. Most of the gases which can get into a tube
give off much more red light than the mercury and the glow
will, therefore, appear pinkish instead of the normal blue-
green color if these impurities are present. If a small
hand spectroscope is used, the nature of the impurities can
be determined and the amount present estimated roughly,
but examination of the tube through a piece of red glass or
even with the naked eye will often give a good idea of its
condition to an experienced observer.

If the mercury vapor pressure is high, which may be due
either to an overload or to the presence of foreign gases,!
the arc will not remain in its diffuse form but will appear as
narrow ‘‘caterpillars” between the anodes and cathode.
These paths will be fixed in location and very hot. If
they touch the glassware in going around the bend of an
arm, they are almost certain to crack or melt it.

Most of the impurities which may be inside a tube can
be “cleaned up”’ by the mercury vapor if they are not pres-
ent in too great amount. This is accomplished by the
formation of compounds of the mercury and the impurities
which stick to the surface of the condensing chamber and
give it a mirror-like appearance. As long as they remain in
this position, the tube will be found to be quite ‘‘hard,”
but if the tube heats very much, this sludge will run down
into the cathode pool and the gases will be released again.

1 The foreign gases increase the pressure by interfering with dissipation of
the losses and thereby raising the temperature.
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Testing the Vacuum of Glass Rectifier Tubes.

The vacuum of small rectifier tubes which are not in
operation can be readily tested by either the ‘““click” or
the “bubble”” test. If there are no foreign gases inside a
tube, there will be nothing to cushion the impact of the
mercury on the glass if it is allowed to flow quickly into
some pocket in the tube such as the cathode pool or start-
ing electrode cavity. A sharp click will then be given off
due to the blow delivered to the glass. If there are gases
present, the sound given off will be quite dead in comparison.
It is obvious that some discretion must be used in making
this test so that the mercury may not strike the glass a blow
sufficient to break it. This test is not always easy to make.
On some tubes, the disks which are placed on the ends of
the cathode and starting electrode leads to prevent excessive
mercury hammer are so effective in their action that the
test cannot be made except by swishing the mercury around
in the condensing bulb and noticing the noise which it
makes there.

The “bubble” test consists in running the mercury from
the main body of the tube into the cathode pool and noting
whether or not it is possible to see any bubbles of gas escaping
through the mercury after being trapped below it. A few
small bubbles of gas adhering to the glass do not necessarily
mean a poor tube, but, if they are large enough to escape
from under the mercury, the condition of the tube is bad.
This test often has to be repeated five or six times before
the bubbles will be trapped and their escape noticed for
the motion of both the mercury and the bubbles is quick
enough to be fairly difficult to follow. Occasionally the
mercury will not close in completely about the disk on the
end of the cathode lead. This does not necessarily indicate
the presence of gas in the space; the disk may be so near to
the glass that the surface tension of the mercury will
prevent it from closing in.

In applying these tests, there may be some question as
to which should be used as a final criterion. If the “bub-
ble’’ test shows the tube to be bad, it is truly bad and,
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while an occasional sharp click may be heard from such a
tube, it will be found that only good tubes give repeated
sharp clicks with comparative sluggish movement of the
mercury. If the ““bubble’ test does not result in the pro-
duction of bubbles but causes loud clicks to be given off,
it should be discontinued and the tube assumed to be all
right. If neither test appears to give decisive results, it is
probable that the tube contains gas and that motion of the
mercury has not been rapid enough to catch it for the
“bubble” test.

Arc-back.

The failures due to overheating of rectifier tubes are
easily dealt with as the manner of failure and parts to be
increased in size can usually be readily determined. With
higher voltages and lower currents, failure occurs in a
different manner which is not yet fully understood. Arc-
back consists in loss of rectifying property so that current is
passed by the tube in either direction. The high current
passed under this condition heats the electrodes rapidly,
but, if the circuit is opened quickly enough by the protective
apparatus, no damage may result. At other times, the
arc may attack the glassware around the anode seals and
damage the tube permanently.

The voltage which a given tube can rectify is seriously
reduced by the presence of foreign gases. If, however,
these gases are completely removed, arc-back will be found
to occur at a definite voltage depending on the current
rectified. Figure 22 shows such curves for standard 10- and
20-ampere tubes (single phase). The short vertical section
at the high-current end of each curve represents failure due
to overheating, but the remainder of each curve indicates
the load at which arc-back occurs. Cooling a tube by
blowing air on it increases the loads required to cause arc-
back, but the arc-back curve still retains the same general
form. Reactance in the alternating-current supply lines
has a very slight effect on the arc-back curve, but, unless
the reactance is much more than normal, it is practically
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impossible to measure its effect. There is no measurable
difference due to frequency over the range of commercial
frequencies, but higher frequencies undoubtedly affect
the performance adversely.
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Arc-back is largely connected with the actual size of a
tube because this determines to a great extent the tempera-
ture it will acquire due to a given load. Figure 26 shows
the relation between the arc-back voltage and the amperes
rectified per 100 square inches of bulb area for a line of
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rectifier tubes ranging in rating from 60 to 250 amperes.
The higher curve represents tubes with a large passage
from the cathode pool to the condensing bulb. Several
tubes with a less generous passage did not have so low a
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pressure over the cathode for the same conditions in the
bulb and, hence, arced-back at a lower voltage, as shown
by the second curve. The curves of figure 26 were obtained
with tubes cooled by a fan. A similar curve for tubes
with only natural air circulation for cooling is shown in
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figure 27. A comparison of the two indicates the advan-
tages of the cooling. '

Arc-back below Normal Value of Load.

Arc-back will sometimes be found to occur at a load
much lower than expected. A common reason for this is
foreign gases inside the rectifier, but difficulty will some-
times be encountered when this is not the cause. Cold
anodes may be a cause of premature arc-back. In this
case, the condensation of the mercury on the anode causes
the formation of a cathode spot there. This difficulty is
not met with in glass-type rectifiers, but can occur with
the large iron-tank rectifiers where cooling of the anodes is
resorted to. The phenomenon in other cases may often be
traced to globules of condensed mercury falling onto hot
anodes or to some other transient effect. Such arc-backs
should not be confused with arc-backs resulting from a
failure of the properties of a rectifier unaffected by any
irregular occurrence. The former can be avoided by pains-
taking design, but the failure of a tube under normal condi-
tions when the rated load has been passed is the natural
limit inherent in the design.

The problem of arc-back is one of the most important
connected with rectifiers, and a thorough knowledge of this
phenomenon is much to be desired. Unfortunately, it is
not yet completely understood, and the discussion of it
must consist of a description of a series of tests indicating its
nature although not explaining it completely. As this
requires considerable space, it will be deferred until the
next chapter which considers arc-back alone.

Flashing.

Flashing is somewhat akin to arc-back, but does not
produce such serious results. It apparently represents at
least a partial loss of rectifying property in which the
reverse current which is allowed to flow in connection with
the voltage available results in a ‘““cleanup’ of the gas
causing the flash. The whole action is so quick that no
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order that they may reach a satisfactory operating tem-
perature. Another scheme for avoiding fading is shown in
figure 28. Here a metal skirt is placed over the anode arm
and connected to the anode and the field of this overcomes
the shielding of the charges on the glass. The tube shown
in this illustration is designed for supplying current to
series arc lights and runs immersed in oil.

Factors Causing Tubes to Wear Out.

Glass mercury arc rectifier tubes ‘“wear out’ due to
removal of material from the anode by positive-ion bom-
bardment. The loss of this material is not sufficient to
affect the anodes themselves, but it is deposited on the
glass arms and interferes with the radiation of heat from
the anodes. It also acts as an electric shield and may
thus cause fading. It is probable that the poor operation
obtained under this condition increases the punishment
of the anode material. In any case, the sudden changes
in voltage which a fading tube causes in conjunction with
connected apparatus are sufficiently violent to make such
operation undesirable and it may often be advisable to
discard an old tube before it fails completely.

The life of glass mercury arc rectifier tubes is not known
very well. This is because they last so long under normal
operating conditions that a complete life test on them would
be an impracticable undertaking. Some tubes, of course,
last much longer than others, and tubes have been known
to be in operation after 15 years of service. A tube with
too short an operating life is usually regarded by the factory
as defective and adjustment is made on some basis. In
general, it is possible to guarantee an average operating
life of glass mercury arc rectifier tubes so long that the
cost of replacements is very small compared with the
value of the energy converted.

Cooling of Rectifiers.

As the temperature at which a mercury are rectifier
operates is of such importance, it is apparent that cooling
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will be a frequent subject of discussion, and that data
should be available for problems of this nature. The
temperature problem presents two aspects. For tubes
in continuous operation with constant load, it is necessary
to know only the steady temperature which will result, but,
for tubes which carry a heavy load for short intervals, it
is also necessary to know the rate at which they heat up,
and, in making tests, it is desirable to know how long they
should run before assuming that they have reached a
steady condition.

Cooling of Glass.

Tests made on glass indicate that it radiates heat at a
rate very close to that of a theoretical black body. For a
black body at 100°C. in a region at 27°C. the losses by
convection and radiation are 0.12 watts per cm.%! or
0.001645 watts per cm.? per degree Centigrade or 0.0106
watts per in.? per degree Centigrade, assuming that the
losses may be expressed as proportional to the difference in
temperature.

In order to indicate the relative effectiveness of various
methods of cooling, a small bulb was filled with water and
cooled by various means. From the rate at which the
water cooled, the watts lost per square inch of surface
per degree difference in temperature are readily calculated.
The thermal resistivity of the glass is assumed to be such
that a drop in temperature of 1.6°C. took place in the glass
per watt per square inch. While the figures obtained are
not particularly accurate, they serve as a useful guide
in the solution of problems which usually contain other
approximations.

In Table I, ‘““surface circulation’ refers to the cooling
medium flowing over the bulb in a thin sheet and, therefore,
moving quite rapidly. ‘‘General circulation’ represents a
condition where the bulb was submerged and the cooling
medium had a general circulation. The effective thermal

1 TrvinGg Lavamuilr, ‘“Conduction and Radiation of Heat,” Trans. Am.
Electrochem. Soc., 1913.
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TaBLE ‘1
EFFECTIVENESS OF VARIOUS MEeaNs oF COOLING
|
‘ . . Therm
. . ’ Type of Effective ‘ Effective rcsistriviii'
Cooling medium | . . thermal thermal .
i circulation | N .. 1 of cooling
conductivity = resistivity | .
J } | medium
|
‘ Watts per ~ Degrees Degrees
i square inch : Centigrade | Centigrade
per degree | per watt per ‘ per watt per
Centigrade square inch  square inch
! |
| } | |
Water............ Surface 0.376 2.66 1.06
Water............ } General 0.294 ‘ 3.40 1.80
Water............ None I 0.168 5.96 4.36
Ool............... Surface | 0.159 6.28 4.68
Oil............... General ' 0.0742 13.5 11.9
Oil............... None | 0.0494 20.3 18.7
Air............... © Fan | 0.0328 i 30.5 28.9
Air...............0 None 0.00716 139.6 138.0

conductivity is that of the path through both the glass and
the cooling medium to a point of ambient temperature,
and the effective thermal resistivity applies to the same
path. The thermal resistivity of the glass is deducted
from the latter figure to give the thermal resistivity of the
cooling medium.

The cooling of metal rectifiers by means of water jackets
is usually so effective that there is danger of having too low
a temperature inside the tank rather than of overheating
it. Hence, special control means may be necessary in
order to maintain the proper temperature. Large glass
rectifiers cooled by blowers may also require some means of
decreasing the air supply when the tubes are lightly loaded
or when they are starting up. Such problems are not pecu-
liar to rectifiers and will not be discussed here. Asexplained
in the first part of this chapter, the anodes of a tube which
is not warm enough have to dissipate an excessive amount
of power; in addition, the holding arcs will often be found
unsteady.
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Local heating around the anode seals of glass rectifiers
is sometimes desirable. If a tube is operating at high volt-
age and low current, the anode seals will usually be fairly
cool and mercury will condense there and fall on the anodes,
thus causing a preventable arc-back. This can be avoided
by wrapping the ends of the arms with asbestos tape so
that they will be at a higher temperature.

Rate of Heating of Glass Rectifier Tubes.

The rate at which the condensing bulb of a glass rectifier
tube heats up is dependent to a large extent upon the glass
of which it is made. As different glasses vary widely in
their chemical and thermal properties, and as the thickness
of bulbs is bound to vary, it is not worth while to insist
upon an exact knowledge of these factors. Instead, reason-
able values will be assumed for them and a general solution
obtained for all bulbs cooled by natural air circulation.
In doing this, it will be assumed that heat energy leaves the
mercury vapor and enters the glass at a constant rate.
This is well justified as the energy must enter the condenser
bulb at a fairly uniform rate, and it cannot very well be
stored in the small amount of mercury vapor present.

Assuming, therefore, that:

C' = heat-storage capacity per square centimeter of bulb

in calories per degree increase in mean temperature,
= rate of input of energy (calories per cm.? per second), .

1
% = rate at which heat is lost per square centimeter per
degree difference in temperature between bulb
and surrounding air (calories per cm.? per degree
Centigrade),
t, = temperature of air (ambient temperature), also
starting temperature of glass,
t; = final mean steady-state temperature of the glass
(treated as uniform throughout its thickness),
t = mean temperature of the glass at any time (treated
as uniform throughout its thickness),
T = time elapsed since starting of tube,
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it is then readily shown that
T
(¢t —t) = (b — t)(1 — e 0) (4)
where (ty — to) = Ir. (5)

The value of C is given by the product of the thickness
and volumetric specific heat of the glass and will be assumed
to be 0.16 centimeter X 0.48 calories per degree Centi-
grade per cm.3 or 0.0768 calories per degree Centigrade

per cm.? o is not a constant except for small temperature

differences but will be assumed as such as was done in
calculating the steady-state temperatures. The wvalue
0.001645 watts per cm.? per degree Centigrade previously
given is equivalent to 0.000394 calories per cm.2 per degree
Centigrade per second. The substitution of these values in
equation (5) results in

(t — lo) — (ll — to)(l — 6—0.005131‘)

and the time required for the temperature difference to
reach 95 per cent of its final value is given by

000513 () 05

from which 7 is found to be 583 seconds.

This value is in accordance with experimental observa-
tions. Tubes being tested for arc-back usually fail within
15 minutes after applying the load required to cause
breakdown. Tubes containing gas held in sludge or
adsorbed in the glass may take longer to reach steady condi-
tions of gas content, but this is because of the slow adjust-
ment of the gas content.



CHAPTER VI
ARC-BACK OF MERCURY ARC RECTIFIERS

Explanations or theories of arc-back fall into two classes.
First, arc-back may be copsidered to be due to some tran-
sient phenomenon occurring at the surface of the anodes
resulting in the formation of cathode spots on them and,
second, the failure may be considered to be due primarily
to breakdown similar to that when insulation is ruptured.
As yet, neither explanation is entirely proved or disproved,
hence, either may be correct or the true explanation may
involve phenomena of both types. Many tests have been
made, however, which show certain explanations to be
incorrect and indicate the true nature of the failure. This
chapter will contain descriptions of this work.

Operating Conditions of Tubes.

In order to understand the nature of the different tests,
it is necessary to have a knowledge of the conditions under
which the tubes operate. The ordinary single-phase
circuit with which most of the tests have been made is
shown in figure 29. The wave shapes obtained with such
a circuit are indicated by figure 30. In this oscillogram,
one trace shows the voltage between anodes and the other
shows the current flowing through one anode.

In general the voltage impressed by the transformer will
consist of large portions of sine waves with marked irregu-
larities occurring at the time one anode transfers its load
current to the other. As the voltage drop in the rectifier
is very low, the current will not start to be transferred
from one anode to another until the potentials of the two
are almost equal. Before this time, only one anode, the

most positive, is carrying current. At the instant when
64
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the voltage across the transformer reaches zero, the second
anode will commence to draw current. If there were no
reactance in the transformer windings to prevent it, the
second anode would immediately take all the load cur-
rent from the first, but this A-C. Power

is impossible. Instead, the Source

transfer of current requires a
definite time. It is accom-
plished by the voltage induced
in the transformer windings
which rapidly increases in the
proper sense for this purpose
after transfer has commenced.
The resistance of the rectifier
or transformer windings plays
only a very small part in the
transfer, the voltage being
used almost entirely in over-
coming back electromotive
forces due to the leakage
reactance of the transformer
windings which, of necessity,
are carrying a rapidly vary-
ing current during this time.
When transfer is. completed,
this variation in the current
carried by the transformer
windings stops and their full
voltage, which has been en-
tirely used up in overcoming
leakage reactance, is suddenly Frevre 29.—Single-phase rectifier
applied to the rectifier. cireuit.

The oscillogram shows this very well. After an interval
of zero voltage across the transformer, the potential is
suddenly applied to the rectifier and then follows a sine
wave. As the load current or transformer reactance is
increased, the interval required for commutation of the
anode currents increases and the voltage which is suddenly

Transformer

Startin
Electroge
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ing current and the cathode are at practically the same
potential, and this means that the idle anode is negative
with respect to the remainder of the rectifier by an amount
equal to the transformer voltage. The anode arm will
still be filled with residual ionization remaining after the
current has ceased to flow and the negative potential of the
anode will cause it to collect a good portion of the positive
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Figure 31.—Circuit for measuring inverse current.

ions in the arm. This represents an inverse current which
has a peak value of the order of l—Ol()T) of the load current or
even much less. It does not, therefore, represent a serious
loss in efficiency, but at first sight would appear a likely
point at which to begin an investigation of arc-back.

The difficulty in measuring the inverse current lies in
the high ratio of load to inverse current, for apparatus
sensitive enough to measure the latter will be destroyed by
the former. This is avoided in the circuit shown in figure
31 which is similar in many respects to a circuit originally
suggested by Giinther-Schulze! but slightly more direct

 Electrotech. Z., Heft 2, 1910.
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in its method of operation. The tube under test is operated
as a single-phase, double-wave rectifier with a choke coil
to smooth the rectified current. In one of the anode lines,
there is a second rectifier tube the function of which is to
pass the normal anode current but hold back the inverse
current and cause it to flow through the measuring circuit.
It is provided with a holding arc maintained by an
ungrounded alternating-current circuit.

The inverse current flows through two resistances in
series. The first of these has sufficient resistance to protect
the operator making the measurements in case of accident.
In this particular case 10,000 ohms were used. The second
resistance has a value of about 1000 ohms and is changed as
conditions require. By means of a storage battery and
rheostat, a voltage comparable with that in the 1000-ohm
resistance is produced across a 20-ohm spool. A synchro-
nous contact wheel connects the two resistances together
through a pair of telephones once each cycle. By changing
the current in the 20-ohm spool until no noise is heard in
the telephones, it is possible to measure the instantaneous
inverse current in whatever part of the cycle for which the
synchronous contact wheel may be set.

Considerable difficulty was experienced in making this
circuit work in practice. It was found that the contact
wheel required much attention and that the tube separating
the normal current from the inverse current was a source
of noise in the telephones unless the anode was placed in an
arm having a bend to shield it from the disturbance pro-
duced in the bulb proper by the holding arcs. As fairly
high voltages were used, it was also necessary to inclose
the entire measuring circuit inside a grounded screen in
order to avoid currents induced by electrostatic coupling.

The tests were run on tubes immersed in oil so that tem-
perature, current, and voltage could be varied. Figures
32, 33, and 34 show some of the results obtained. It was
thought that the inverse current might increase to the
point where it would develop into an are-back in some man-
ner, but data could be taken near arc-back conditions
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without any indication of this. Instead, the tubes would
flash occasionally without causing any difference in the
readings of the inverse current. It appears, therefore,
that if there is any connection between arc-back and the
inverse current, it is probably rather remote.
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Ficure 32.—Inverse current as a function of temperature of tube. Taken
with a 20-ampere tube with short arms. Rectified current, 15 amperes, direct
current.  Alternating potential between anodes, 1350 volts. Frequency,
55 cyeles.  Operated with a smoothing reactor and no holding are.
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Effect of Wave Form and Frequency upon Arc-back.

The most violent bombardment to which an anode is
subjected occurs almost immediately after it has ceased to
carry the load current, for the inverse-current curves show
it to be then collecting positive ions at the maximum rate,
and its potential with respect to the rest of the tube, while
not at a maximum, is of good magnitude. If arc-back is
the result of the formation by bombardment of a cathode
spot on the anode, this is the point in the cycle where it
would be most likely to occur, and a change in frequency
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Ficure 33.—Inverse current as a function of voltage. Taken with a 20-
ampere tube with short arms. Rectified current, 15 amperes, direct current.
Oil temperature, 85°. Frequency, 56 cycles. Operated with a smoothing
reactor and no holding arc.
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Ficure 34.—Inverse current as a function of load current. Taken with a
20-ampere tube with short arms. Alternating potential hetween anodes, 1430
volts. Oil temperature, 85°. Frequency, 56 cycles. Operated with a smooth-
ing reactor and no holding arc.
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or a change in wave shape would be expected to change the
load at which arc-back takes place. Measurements made
at 30 and 60 cycles showed no difference in the load at
which arc-back occurred that could be distinguished from
the experimental errors involved.

The voltage wave shape can be changed by placing a
large condenser across the secondary winding of the trans-
former. This prevents any sudden change in the voltage
applied to the tube and, thereforé, should materially affect
the severity of the bombardment of the anodes by the
positive ions. The change, produced in this way, in the
load required to cause arc-back was so small that its exist-
ence could not be proved.

The voltage wave shape can also be changed by varying
the reactance of the transformer windings. By adding
reactance to the transformer, the period of commutation
can be lengthened and the voltage applied immediately
after commutation of the anode currents thereby increased.
Measurements made with various reactances showed that
a slight decrease in load required to cause arc-back occurred
when the reactance was increased. The increase in
punishment of the anodes, however, would appear to be
capable of causing a much greater decrease in load-carrying
ability than occurred. The difference was so small that at
first it was thought to be an experimental error. Remem-
bering that the longer period of commutation will result in
higher instantaneous values of voltage throughout the
remainder of the cycle if the output voltage is held constant,
it is difficult to prove that the effect of reactance on arc-
back is due to the change in punishment of the anodes by
the positive-ion bombardment.

Point in Cycle at Which Arc-back Occurs.

Knowledge of the point in the cycle at which arc-back
occurs is of considerable value in determining the nature of
the phenomenon. Figure 35 is one of a group of oscillo-
grams of arc-back of a tube which showed an unusual
regularity in the time at which it failed after the overload
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the additional tubes and resistances were not present.
When the breakdown occurs, however, the current which
flows is limited and the tube can, therefore, be left running
for a few seconds with only moderate risk of being damaged.

In figure 35 one trace represents the voltage between the
anodes and the other indicates the output current. Break-
down occurred five times in the section of film shown as

,\/\/\/\A/\/\/\/\J

Protective
Tubes %
300 500/
W w
(M M 'mnﬁ 40 Cyc.
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Ficure 36.—Circuit used in investigating arc-backs.

indicated by the arrows. In each case, failure occurred at
or near the time when the inverse voltage applied was a
maximum. Following breakdown, the voltage across the
tube was very small, the transformer voltage being absorbed
by the resistances in the anode lines. When the point in
the cycle was approached at which the transformer voltage
became zero, the arc-back ceased and normal operation was
resumed. Because of the protective apparatus, the are-
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backs had very little effect on the load current. The ripple
in this current is due to insufficient choke action.

In some cases, arc-back was found to occur every cycle,
in other cases it would occur occasionally and at times an
anode would break down every cycle for ten or twelve
cycles and then operate without failure for a period. With
loads only slightly in excess of that required to cause arc-
back, the failure always occurred when the inverse voltage
was a maximum except in some cases where breakdown on
the previous cycle had left traces of gas resulting in failure
at a lower voltage.

This makes it almost impossible to connect arc-back with
punishment of the anodes by positive-ion bombardment
for this punishment was not the most severe at the time of
failure but at a previous point in the cycle. If, however,
arc-back involves an insulation breakdown, it would be
expected that with a gradually increasing load the failure
would occur as shown by the oscillograms.

Breakdown of Mercury Vapor.

The breakdown of mercury vapor was investigated by
means of the special tube shown in figure 37. This tube
was constructed to run in a vertical position. One elec-
trode consisted of the mercury pool at the bottom and the
other consisted of a carbon button. The latter was
fastened to an iron plunger which could be moved up and
down or held in position by means of a solenoid outside the
tube. The moving system consisted of the carbon button,
the iron plunger, the rod by which they were connected,
a lava ring behind the carbon button to keep it from touch-
ing the glass, and a coiled wire through which current was
fed to the carbon electrode. The carbon button was made
as large as possible without touching the glass, and flat
metal disks having holes in their centers were slipped over
the outside of the tube and placed in the planes of the
mercury surface and lower surface of the button. These
disks were then connected to the mercury and carbon,
respectively, resulting in a nearly uniform electric field.
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serious fluctuation in voltage. The high resistance was
used with both the direct and alternating voltages. Its
purpose was to limit the current after breakdown. Direct-
and alternating-current milliammeters placed in series with
the tube indicated the current through it. Currents of
several milliamperes were usually obtained before failure.
As it was not thought desirable to pass the current for the
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FicUure 38.-—Breakdown voltages (alternating) for special tube with movable
electrode and shields to give a uniform electric field. The dotted curve is from

1
figure 40 with the voltage multipled by 72— Arrows indicate voltages applied
without causing breakdown.

high-tension voltmeter through the limiting resistance, this
voltage was measured at the source. With a direct voltage
applied to the tube, the drop in the current-limiting
resistance before failure could be deducted from thevolt-
meter reading. With an alternating voltage this error had
to be neglected.

The first data obtained are shown in figure 38. With
electrode spacings varying between 1 and 5 inches and an
alternating applied voltage, no variation in the potential
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required to produce breakdown can be determined as due
to a change in the distance between electrodes. Instead,
the entire variation appears to be due to changes in temper-
ature. This is probably due in part to the large experi-
mental errors involved which would effectively mask any
small variation, but the apparent complete independence
is surprising.

16000
15000
14000
13000 4
12000
11000
10000 °
9000
8000 2
7000
6000
5000

4000

500°L_o Current from Mercury to Graphite
® Current from Graphite to Mercury

Qe
T

o9

Volts
o
dod=—-1"1"

2000
1000
0

0 10 20 30 40 50 60 70 80 90 100 110
Temperature (°C.)

Ficure 39.—Breakdown voltages (direct) for special tube with movable elec-
trode and shields. FElectrode spacing, 4 inches. The dotted curve is from
figure 40. Arrows indicate voltages applied without causing breakdown.

If voltage and temperature are to be connected by one
curve, the question arises as to where it should be drawn.
In this case, there can be no doubt that it should pass
through the highest observed values for the lower values
are due to some transient condition of the electrode surfaces
or foreign gases in the vapor which cause breakdown at
lower voltages and are often ‘‘ cleaned up”’ by the resulting
arc. This phenomenon corresponds to the ‘“flashing’ in
the standard rectifiers which is very erratice, occurs below
the arc-back voltage, and normally causes no serious
trouble. The dotted curve, shown in figure 38, was
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obtained from data on some other widely different tubes,
but it is suspected that this curve should also hold in the
case under consideration. - Two small errors are involved
in this set of readings. First, no correction has been made
for the drop in the current-limiting resistance and, second,
no allowance has been made for the heating effect of the
current before breakdown.

Figure 39 shows the data obtained with the movable
electrode tube holding the spacing at 4 inches and using a
direct voltage applied in either direction. These points
have been corrected for the drop in the current-limiting
resistance. The errors due to the presence of gas are very
noticeable, as the values obtained at different times do not
agree. It appears to make no appreciable difference
whether the current flow is from the graphite to the mercury
or in the opposite direction. The dotted curve is from the
same data as that shown in figure 38.

Breakdown Voltage is Nearly Independent of Electrode
Shapes or Spacings or Presence of Ionization.

In order to check the lack of independence of the break-
down voltage upon the spacing, measurements were made
on a number of tubes with a variety of electrode arrange-
ments. Figure 40 shows the results. With only a few
exceptions, which might readily be attributed to the
presence of gas, all the points fall very close to a single line.
This line is the basis of the curves shown in figures 38 and
39 and is also drawn in figure 41.

Figure 41 indicates the effect of a current carried by a
second anode upon the breakdown voltage of the first.
No appreciable difference is noted, and rough calculations
show that the heating effect of the arc should increase the
temperature of the vapor only a few degrees above that
of the oil.

Most investigators of gas-discharge phenomena have
studied fixed gases such as air, hydrogen, and oxygen.
Their results show a decided increase in breakdown poten-
tials for small electrode spacing when the pressure is below
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FiGvre 40.—Breakdown voltages (direct) for various rectifier tubes. Mer-
cury, positive; graphite, negative. No current to other electrodes. Arrows
indicate voltages applied without causing breakdown. Data are from twelve
tubes of seven different designs.
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a certain critical value.! The foregoing tests with mercury
vapor show that such an effect, if present, is much less
marked, at least in the range occurring in glass mercury
arc rectifiers. Further light can be shed on the problem
by making breakdown measurements at high temperatures.
At present all that is known is that the curves obtained
will resemble figure 42 and that beyond the point of mini-
mum voltage there is very little current carried before
breakdown, a reflection of a change in the mechanism of
the failure.

Prediction of Arc-back Voltage.

If the data shown in a rough form by figure 42 are of
any value, it should be possible to predict the arc-back
voltage of a tube by measuring its temperature while
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Ficure 42.—General form of breakdown curves.

carrying current at low voltage, and picking the arc-back
voltage corresponding to that temperature from figure 42.
The procedure is, of course, complicated by the facts that
a tube under operating conditions will not be at a uniform
temperature; that the mercury vapor may not be in a
saturated state; and that foreign gases may have the ability
to disturb conditions. The agreement obtained in several
cases which have been investigated, however, indicates
that this should be a very fruitful field of investigation.

1J. J. Tromsoy, “Conduction of Electricity Through Gases.”



PART 11
POWER RECTIFIER CIRCUITS



CHAPTER VII

. FUNDAMENTAL WAVE SHAPES OF RECTIFIERS,
IDEAL CASES WITH IMPEDANCELESS TRANSFORMERS

A study of rectifier circuits is primarily a study of wave
forms. Unlike rotating apparatus, a rectifier stores no
energy within itself, so that there is a constant connection
between the currents and voltages on the alternating-cur-
rent side and the current and. voltage on the direct-current
side. The question of rectifier-circuit calculations, like
most circuit calculations, is, in the last analysis, a matter
of establishing the proper equivalent circuit. In doing
this, the indispensable thing is an accurate physical con-
ception of what occurs in both the rectifier and thecircuits.
This chapter will be devoted to the discussion of some of
the fundamental and simpler wave forms of rectifiers and
the resulting voltage ratios and heating effects of the
currents. Later chapters will then discuss the more elabo-
rate phenomena of regulation and allied problems as though
caused by deviations from the simpler wave forms.

For the purpose of circuit calculation, the rectifier may
be regarded as a simple electrical check valve. Current
flows readily in one direction, but not in the other. This
applies to the total current only. Any sort of alternating
current may be superimposed on a direct current passing
through a rectifier, and such alternating current will be
in no way affected by the valve action so long as there is
always some net current flowing in the direction to keep
the valve open. Practically, this means that, if, for any
reason such as the transfer of current from one anode to
another, current is momentarily flowing from two anodes
simultaneously, those two anodes may be considered as
tied together by a metallic connection until one or the other

shall pass to zero current. The application of this manner
83
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of thought will become clearer as the behavior of the
different equivalent circuits is considered.

Single-phase Rectifier without Direct-current Choke.

Figure 43a shows a single-phase rectifier circuit in which
the transformer windings ¢, {;, and ¢, are supposed to have
no resistance or leakage reactance, and the remainder of

—_ )

R L (b)
= i
a2
R L (c)
== .

———

FIGURE 43a, b, and ¢.—Single-phase rectifier circuit without choke, and equiva-
lent circuits.

the circuit is also without series impedance except for the
load resistance R. The transformer is supposed to have no
exciting current and each of the transformer windings
(to, t1, and t,) is to contain the same number of turns.
Suppose that for values of 6 between 0 and = the phase is
such that a, is positive. The equivalent circuit can then
be drawn as in figure 43b. If e, is equal to v/2E sin 6 for

this period, then 1, = /2 p Sin 6. Intheintervalr < ¢ <

27 the potential of a, is negative with respect.to the cathode
¢, so that no current can flow, but a, is now positive so
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that current will flow in the equivalent circuit shown in
figure 43c. During this period, ¢2 = —+/2E sin § and 1, =

E . . . . .
—\/2R sin 6. Since sin # is negative during the second

period, 7, is in the same direction as before and rectification
has been obtained. The only drop in the active part of the

/\1/\/
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FicUuRE 44.—Wave shapes obtained with circuit shown in figure 43.

circuit is in the resistance R, and the current and voltage
are then proportional and in phase. Figure 44 shows the
shapes of the voltage and current waves obtained.

Single-phase Rectifier with Direct-current Choke.

Rectifiers with large variations in their output current
and voltage waves have limited applications although very
desirable where it is possible to use them because of their
simplicity and cheapness. For most power uses, however,
a fairly continuous direct current is required. To secure
such a current, a large inductance may be connected in
series with the load resistance. The circuit then becomes
the one shown in figure 45a. As in figure 43a, the turns
in the windings ¢, t,, and {, are equal in number, the trans-
former is assumed to have no exciting current, and there
is no impedance except the load resistance R and inductance
L.

If the inductance L is very large, the current through it
will remain substantially constant throughout a cyecle.
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The equivalent diagrams of figures 43b and 43¢ now become
those of figures 45b and 45¢. The impedance of both these
circuits to alternating current is very high, so that no
appreciable amount will flow in the part containing R and
L. As shown by the arrows, however, there are compo-
nents of electromotive force in the same direction through
R and L in both circuits. Current flows accordingly and

FIGURES 45a, b, and c.—Single-phase rectifier circuit with choke, and equivalent
cireuits.

is proportional to the average impressed potential. Desig-
nating the voltage of ¢, by v/2F sin 6, the current will flow
through the circuit of figure 45b while 0 < 8 < =, and
through the circuit of figure 45¢ while » < 6 < 2x. The
currents and voltages for the whole circuit are shown in
figure 46.

Since a continuous current flows in R and L, and this
current flows to anode a, while it is positive and to anode
a, while it is positive, the individual anode current is in
the form of square blocks. While current flows from either
anode, the potential across R and L is that induced in
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the corresponding secondary winding. This gives a series
of sinusoidal potential loops all in one direction, alternate
loops being due to the same anode. Since the current does
not vary, the voltage drop in the resistance will not vary.
On the other hand, no permanent difference of potential
can exist across an inductance, so that the variable voltage
across L and R must have equal areas on both sides of an
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J/\ _ % » % >L
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Fireure 46.—Wave shapes obtained with circuit shown in figure 45.

axis representing the average output voltage. The steady
component will appear across R while the ripple will appear
across L.

Three-phase Rectifier.

The single-phase rectifier has a very irregular voltage
wave and, therefore, requires a very large inductance L
to keep the current sensibly constant. Polyphase rectifiers
are much better in this respect. Figure 47 shows the
connections of a simple three-phase rectifier corresponding
to the single-phase rectifier of figure 45. KEach of the
anodes a,, a;, and a; has a sinusoidal electromotive force
impressed upon it. Current flows from the one which is
most positive at any instant. Thus, one anode will be
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FIGURE 48a, b, ¢, and d.—Wave shapes of three-phase rectifier circuit shown
in figure 47. a. 7", 72"/, and ¢”3 are the currents in the secondary windings.
J is the load current. b. e1, ¢, and e; are the voltages communicated to the
anodes. e is the cathode potential and G is the output voltage. c¢. %)/, i»’, and
i3’ are the transformer primary currents. d. 7 is the current in one supply line.
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the most positive for one-third of the time, and, during that
time, carries the entire current, which, as before, is held
constant by the inductance L. Figure 48 gives the wave
shapes of the various voltages and currents. The trans-
former primary currents are the same as those in the
secondary except that the direct-current component is
absent.

Output Voltage of Rectifiers.

Other numbers of phases can be used such as two, four,
six, or twelve. If the number of phases be designated by
the number of secondary windings uniformly distributed

FIGURE 49.

with respect to the angular displacements of their voltages,
it 1s possible to derive a simple expression giving the output
voltage for a rectifier of any number of phases p. With
this notation p will be 2 for the single-phase rectifier shown
in figure 45a. Current will flow in any particular phase

.2 . e
for the period };f and during this time is held constant by

the direct-current choke. Throughout this period, the
cathode potential follows that of the anode carrying cur-
rent. The output direct voltage is, therefore, the average

. . .2 .
of a sine wave for the period —;, the maximum of the wave

occurring in the middle of the period as shown in figure 49.
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For any number of phases, the average direct potential ¢
is given by the equation
L
G = V2E f cos 8de,
2r) .
p

= v2EPsin ™ (6)
™ D

Ripple in Output Voltage.

It has been assumed that L will be so large that no appre-
ciable current change will take place. Inpractical appli-
cations, however, it will be found that ripples not exceeding
a certain magnitude, depending on the service, are not
particularly undesirable, and reasons of economy will
prevent the use of a larger choke than is necessary.

The current ripple is caused by a voltage which has an
instantaneous value equal to the difference between the
rectified portions of sine waves and the steady direct
potential. A knowledge of this ripple voltage will, there-
fore, be of help in designing a suitable choke. It can be
readily analyzed in the form of a Fourier series. By
measuring the angular displacements from the peak of the
instantaneous rectified voltage wave, the ripple voltage
will be symmetrical and the resulting series will contain
only cosine terms which will have coefficients given by the
expression :

+T
a, = 2 %f ﬂp\/2E cos 6 cos nade,
P

_ zéEp[s;n (n — 1)6 | sin (n + W]*%,
2(n — 1) 2(n + 1)

_ \/QEp[sin (n — Dx/p n sin (n + l)r/p]’
(n—1) (n+1)

. nhwm T nr . w
[Qn sin — cos - — 2 cos — sin ]’
p 4 P p

™

w

™
_ ~\/2Ep
T x(nt—1)
There can be no values for n less than p, however, because
the ripple voltage repeats itself p times per cycle of the
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secondary voltages, and it is expressed in terms of the

frequency of the latter. For the same reason, there can

be no values of n which are fractional multiples of p.
Therefore, n = mp where m is an integer and

. Nr T . m
n Sln — COS — = Mmp SIn Mmmw COS -
p p P

and, as sin mzx = 0, the first term inside the brackets dis-
appears. For the second term

nrm . w . T . T
— cos- —sin— = — cosmr sin - = + sin &
p D p p
so that
B _iZVQEp sinw/p C+2G Ko
I = r(n2—1) = (=1)

which is plus for odd values of m and minus for even values.
This relation gives the maxima of all the harmonic voltages
expressed as fractions of the direct potential. Knowing the
_components of the voltage tending to produce the varia-
tions in the output current, it is a simple matter to calculate
the variation in current which will result from any smooth-
ing inductance.

Tables of Voltage Ratios.

Table 11, calculated from equation (6) gives the values
of the average direct voltage for various rectifier combina-

TasLE II «
REcTIFIER OUTPUT VOLTAGE

Ratio of Ratio of aver-
Phases average to | age to alter-
.alternating nating root
maximum mean square
Single phase (two anodes)................. 0.636 0.900
Three phase (three anodes)................ 0.827 1.170
Quarter phase (four anodes)............... 0.900 1.273
Six phase (six anodes).................... 0.955 1.350
Infinite phases........................... 1.000 1.41
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tions, and Table III gives the voltage pulsations for the
lowest three frequencies in terms of the output direct volt-
age G as calculated from equation (7). The first column
of figures in the latter table is the value of the lowest fre-
quency present in each case as a multiple of the funda-
mental frequency.

TaBLE III

OuTPUT VOLTAGE PULSATIONS

) Least Amplitudes (peak) of first
Phases
frequency threec components
1] 2 ‘ 3

|
Single phase (two anodes)....... .. 2 0.667G ‘ 0.133G | 0.057G
Three phase (three anodes)...... .. 3 0.250G | 0.057G | 0.025G
Quarter phase (four anodes). ... ... 4 0.133G | 0.032(; | 0.014G
Six phase (six anodes)............ 6 0.057G | 0.014G | 0.006G

As an example of the use of these tables, suppose it is
desired to determine the alternating voltage required to
give a 220-volt direct potential. A single-phase rectifier
with a 15-volt arc-drop is to be used. The required
voltage of the secondaries (anodes to neutral) is

220 + 15
~0.900
Furthermore, let it be supposed that the output current
of 100 amperes is to be fed into a pure counter electromotive
force load such as a storage battery and that a current
pulsation of + 1 per cent is permissible at the lowest or
120-cycle ripple frequency. This component of the ripple
voltage has a maximum value of

(220 + 15) X 0.667 = 157 volt‘s(

= 261 volts root mean square.

and the maximum value of the current due to it is 1 ampere.
Hence, a 157-ohm reactance is required in the choke which

157
corresponds to an inductance of 5 X 120 = 0.21 henry.
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The ripple of next higher frequency is at 240 cycles so
that it is opposed by an impedance of 314 ohms. Its
maximum value is 235 X 0.133, or 31.2 volts, and the cur-
rent due to it has, therefore, only 0.l-ampere maximum
value. It is apparent that the component of ripple current
having the lowest frequency is much the largest and that,
if it is held within satisfactory bounds, the other com-
ponents may usually be safely neglected. It also appears
that rectifiers with a large number of phases gain not only
by the smaller magnitude of the ripple voltage obtained,
but also by its increased frequency.

Current Waves.

A knowledge of the voltages in a rectifier circuit makes it
possible to provide transformers of the proper ratio and
chokes of suitable rating for any particular application.

-1 I
S
3
L ¢
Figtre 50.

Nothing has yet been said about the load on the trans-
formers, however. This is determined by a consideration
of the current waves. In the ideal cases considered in
this chapter, the current flows in the form of square blocks
of which an analysis is readily made. In practical applica-
tions, the wave form will usually be found to resemble
closely that of the ideal case, for the factors which
produce variations from this shape also cause a loss in out-
put voltage or ripples in the output current and neither of
these can be allowed to become very large.

If p be the number of anodes, each may be considered to
carry current during an angle represented by the interval

from—ér to +%’ as shown in figure 50. With this

arrangement the wave may be analyzed into a series of
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cosine terms because of its symmetry. The amplitude of
the nth harmonic is then

1 p
f J cos nods,
T) «

“p

I

A

J . +
— [sin né]
nm -

i

2J .
= —sin (8)

EIEE R
=

Of even greater interest are the average and root-
mean-square values of the current. The former is, of

J J :
course, D and the latter 7}7 The properties of square

waves obtained with various numbers of phases are shown
in Table IV. Average and root-mean-square values of the

TaBLE IV

HarMmoNic COMPOSITION OF SQUARE ANODE-CURRENT WAVES
Phases (number of anodes)...... ... 2 3 4 6
Average value........ ... ... ... .. 0.500J | 0.333J | 0.250J | 0.167J
Root-mean-square value...........[ 0.707J | 0.577J | 0.500J | 0.408J
Fundamental (amplitude).......... 0.637J | 0.552J | 0.450J | 0.318J
Second harmonic (amplitude)....... 0.0 0.276 0.318 0.276
Third harmonic...................] 0.212 0.00 0.150 0.212
Fourth harmonic.................. 0.0 0.138 0.0 0.138
Fifth harmonic. .. ................ 0.127 0.110 0.090 0.064
Sixth harmonic.............. ... . 0.0 0.0 0.106 0.0
Sevgnﬁtrh hgrmonic................. 0.091 0.079 0.064 0.045
TN = i 0.500J | 0.471J | 0.433J | 0.373J

complete wave are given in the first two lines, and the
amplitudes of the alternating components of different
frequencies follow below. The last line gives the root-
mean-square value of the sum of all the alternating

components J \/1 - rlq-
p P
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Heating of Transformers for Rectifier Service.

Since the average and root-mean-square values of
all the currents and voltages in the simple rectifiers have
now been determined, it is an easy matter to calculate the
transformer output and losses for specific cases and com-
pare them with the performance obtained with an ordinary
alternating-current load. Instead of doing this, however,
it is interesting to indulge in a longer discussion which
will indicate more clearly the desirability of some of the
popular rectifier circuits.

Figure 51 indicates the sinusoidal voltage and square
secondary-current waves of a rectifier of any number of
phases. Let it be assumed that t
the voltage wave has an ampli-
tude of v/2E and that the cur-
rent wave has an amplitude
varying with the angle 26 in

such a manner that the heating \
/204

caused by it will be constant.
This means that the average
value of the current will be
greatest when the angle 20 is equal to 2r and that it will
decrease as 0 decreases. On the other hand, the average
voltage during the conducting period will become greater
as O is decreased, and the greatest output will be obtained
at a value of © which allows a large average current to flow
and still takes advantage of the higher voltage obtained

when the angle is not too great. :

Ficure 31.

. 20GJ
The output per secondary phase will be \,,2;7. By

substituting 6 for ; in equation (6), there results

V2E .
=9 sin O,

and the output per phase is thus
_ V2EJ sin ©

™

Wi (9)



96 MERCURY ARC RECTIFIERS AND THEIR CIRCUITS

(¢] .
The loss per secondary phase will be Jf and, if W__is

the alternating-current load resulting in the same loss,

2 2
(% )r = LT

E T
Taking the ratio of these two powers gives
W, 2 sin ©
W \/%‘r o! (10)
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Ficurre 52.—Utilization of secondary wmdmgs as a funetion of the angle during
which current passes.

Figure 52 shows the relation graphically. The maximum
output is obtained when 6 is 66 degrees 48 minutes, corre-
sponding to 2.69 phases. Actual rectifiers, of course, can

have values of 6 equal only to - » " where p will be a whole

number. The heavy vertical lines represent the perform-
ance of such rectifiers, and it appears that the three-phase
rectifier gives the greatest output while the two-phase
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(four anodes) and single-phase (two anodes) rectifiers are -
almost as good. By substituting ; for 6 in equation (10),
there results

Wi _ V2p .
Wj& = P sin ; (11)

The primary windings will not be submitted to so severe
heating as the secondaries, for the direct component of the
secondary currents will not have to be carried by the
primaries. In order to avoid saturation of the transformer
cores by the direct currents carried by the secondaries,
it is customary where the total number of anodes is even
to have one primary winding feed two secondary windings.
Under these conditions, the primaries carry square blocks
of current similar to those in the secondaries but only 180
degrees apart and having alternate blocks of opposite sign.
The heating effect of such a current will be twice that of a
current consisting of only the pulses in one direction, and
its root-mean-square value will, therefore, be /2 times
that of the latter current. The inputs represented by the
two currents will be in the ratio of two to one, however.
Hence the primary winding of a transformer for rectifier

1
service need have only V2 times the rating of the two

secondaries which it supplies. With such design, the pri-
mary winding is able to carry an alternating-current load
only +/2 times as great as the load which either secondary
could carry, and yet the load carried as part of a rectifier
is twice that of either secondary. Hence, the primary
windings are utilized to /2 times the extent that the
secondaries are used as indicated in figure 52 or equation (11),
and it is interesting to notice that for the double three-phase
case the primary windings will be almost as effectively
utilized as though they carried a sine-wave alternating
current. This circuit employs two three-phase rectifiers in
series or parallel in order that two secondary phases 180
degrees apart may be supplied from a single primary.
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Power Factor.

In the ideal cases considered in this chapter, power factor
will be the same as the utility factor, for both represent the
ratio of actual power to power which could be carried at
unity power factor with a sine wave of current of the
same root-mean-square value as the wave actually obtained.

The conception of utility factor as distinct from power
factor has two important advantages, however. In the
first place, it distinguishes the phenomena involved from a
mere displacement in phase of sine waves, which is very
important. Secondly, it can be defined in such a way that
it represents a different and useful quantity. Consider a
case where reactive drops affect the voltage. By defining
the utility factor as the ratio of the product of the output
current and open-circuit output voltage to the alternating
volt-amperes giving the same heating, a term is introduced
which is very useful in calculating the size of the trans-
formers required. When no reactive drops occur, as in the
ideal cases considered in this chapter, this definition will
give a value of utility factor equal to the power factor.

The power factor of each transformer primary, then,
under ideal conditions is v/2 times the utility factor of its
secondaries or

P.F. = 2vp sin ”. (12)
w p
For a polyphase network carrying sine-wave currents of
equal magnitude, the power factor of the group will be the
power factor of the individual windings. A polyphase
group of primary windings in a rectifier may have a better
power factor than that of the individual windings, however,
for many of the harmonic components of the current may
circulate about the network and need be supplied by the
power source only in part or not at all. It is apparent,
then, that the primary currents of a rectifier cannot be
treated by considering them sine waves with a displacement
from the corresponding voltages. In particular, the watt-
less input to a rectifier cannot be algebraically added to the
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wattless input to reactive machinery, for all the harmonic
components must be added at right angles. That is, the
wattless currents of all frequencies are effective in produc-
ing resistance losses only as the square root of the sum of
their squares. Rectifiers added to a feeder carrying any
considerable amount of reactive power for rotating machin-
ery, therefore, improve its power factor, for the true power
adds directly to that already carried, while the reactive
power, being largely harmonics, makes no appreciable
addition to the reactive power already carried.

Table of Rectifier Characteristics.

Tables Va and b show a number of rectifier circuits and
give their performance under ideal conditions, 7.e., no
resistance losses and no leakage reactance in the trans-
formers. Table Ve shows the regulation when reactance is
present. Discussion of this will be deferred until the next
chapter.

Some explanation is necessary regarding the connections
following the six phase in the table. These circuits are
intended to give high utility factors and small output
voltage ripples in order to save transformer and choke
material.

Double-Y Circuit.

This circuit is intended to give the highest possible
utility factor. The six secondary windings used are
arranged in two three-phase stars which operate in parallel.
These secondaries are so connected that the two corre-
sponding to any primary will have voltages 180 degrees
apart, thus causing the primary to carry current in two
pulses 180 degrees apart and in opposite directions.

Two inductances are used in the output circuit. One of
these is an ordinary choke and holds the total output
current constant. The other resembles an autotransformer
with a midtap. The two three-phase units are connected
to the ends of its winding and the load to the center. This
insures that the output current will divide equally between
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the two groups of windings and that the load cannot be
shifted from one three-phase rectifier to the other, due to
the inequalities in instantaneous voltage which result from
the phase displacement of the voltages in the two groups.
Because the direct-current flows in opposite directions in
the two portions of the winding, this inductance will not
become saturated and will, therefore, require only a small
amount of material. It is usually designated ‘‘interphase
transformer’” on account of the manner in which it con-
nects the groups of phases.

The interphase transformer will have impressed across it
the instantaneous difference in potential between the two

Groupl

Average

’
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FigtRreE 53.—Choke-system voltages in a double three-phase circuit.

groups of phases. In figure 53 the voltage of each group is
shown by a heavy line. The interphase transformer
absorbs the difference in potential and passes on to the load
and choke the instantaneous average voltage. This average
can be seen by inspection to be identical in form with the
output wave of a six-phase rectifier, and the ripple in it will
be removed by the choke.

The direct voltage applied to the load is, of course, equal
to that of either three-phase group since the choke system
can have no constant difference in potential across it.
The value of the components of the six-phase ripple applied
to the line choke can be determined from equation (7).
The output voltage of each three-phase group contains
some components which are held back by the interphase
transformer and some which are passed on to the line choke,
but the principal component which is at three times the
frequency of the supply source appears across the interphase



TABLE V¢

Initial slope of regulation
curve, A
(See Eq. 17 (b) p. 113)

Output voltage at end of
initial straight line

Short-circuit current

Circuit Reactance in Reactance in Reactance in
Anode . . Anode . . Anode . .
leads Primary| Lines leads Primary| Lines leads Primary| Lines
Single phase..................... 1 1 1 0 0 0 Jk Jk Jx
Three phase.....................| /3 V3 V'3 [0.366G,|0.366G,|0.366G,| Jx Jx Jx
Quarter phase................... 22 V2 V2 |0.62G, 0 0 Jrk |0.707J4|0.707J «
Sixphase.............c......... 6 3~ 1 ‘ 0.823G, | 0.823G, | 0.75G, Jk 0.667Jk| 0.577J «
Double Y!.. ... ... ... il V3 -\—g§ %3 0.366G, | 0.75G, | 0.75G, Jx 0.667J x| 0.667J
2
Triple single phase............... 1 1 3 0 0 0.75G, J& Jx 0.866J
Ystar.. ... V3 V3 —\/3 ........................ Jx
2 2
4 4
Triple star...................... 6 3 E I R EEEETREE PR Jk
Y star tertiary........... ... .. ... 6 1 1 0.823G,|0.75G, |0.75G, Jk 0.577J k| 0.577J

1 With cither delta-connected primaries or Y-connected primaries and a tertiary winding.
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transformer. Because of the displacement in phase of the
secondaries, this triple-frequency component will be in
opposite phase for the two groups and the voltage across the
entire interphase transformer will be twice that correspond-
ing to either group as given by equation (7).

The double-Y circuit is particularly economical because
it not only uses the transformer to the best possible advan-
tage, but it is also saving of choke material. Because no
saturation takes place in it, the interphase transformer
requires relatively little material and the line choke in
which saturation does take place need have only small
inductance because the voltage applied to it is not only of
six times input frequency but also quite small in magnitude.

Triple Single Phase Circuit.

In the same manner that two three-phase rectifiers can
be combined by the use of an interphase transformer,

T~ ATK>~~""  Average

Ficure 54.—Choke-system voltages in a triple single-phase circuit.

three single-phase rectifiers may be combined by using a
three-phase interphase transformer. The direct voltage
G and the various utility factors will be the same as for
single phase, but the output voltage wave of the combina-
tion is the same shape as for six phase. That this is so
may be seen by inspection of figure 54. Dividing the cycle
into 60-degree intervals as shown, it will be found that the
average instantaneous voltage repeats itself every 60
degrees and that the shape of the wave is the same as
obtained with six-phase operation.
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In this case, the interphase-transformer voltage wave is
unsymmetrical and must, therefore, contain even harmonics,
a result which may be confirmed by analyzing the poten-
tials of the single-phase groups. The principal component
of the interphase-transformer voltage will be that at
double supply-line frequency, and the principal component
of the choke voltage will be at six times line frequency.
Both components may be calculated by equation (7).

Y-star Circuit.

The combination designated as Y star is of interest
because it produces the same result as the double three
phase but without the interphase transformer. To pass

Line CA Line AB Line BC

Nominal Voltage of Phase A
Actual Voltage of Phase A

Frcure 55.—Voltages in a Y-star circuit.

from one supply line to another, current must traverse
the primaries of two phases. Except for relatively small
exciting current, two corresponding secondary phases must
carry an equivalent load current at the same time, and to do
so the two anodes must be at the same potential. As the
secondaries will have equal voltages, it follows that the
two primaries must divide the line voltage equally between
them and that, therefore, the sine waves of secondary volt-

age will have an amplitude \—?- times as great while carry-

ing current as they would have on open circuit. Each pair
of lines supplies current in one direction for 60 degrees, or
30 degrees before and after the maximum voltage between
them. During such an interval, the ratio of average to
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peak is the same as for six-phase rectifiers, and, if F is
the nominal secondary voltage to neutral,

V3 r 33
G =5 2E ~=——EFE. 13
V2 osin g = /3n (13)
. N
This resultsin £ = 33 G and the nominal primary and
line voltages are il and \/t?,( times as great. The wave
2 2

shapes are shown diagrammatically in figure 55.

The Y-star connection has as good a utility factor as the
double three phase and uses less choke material. It is,
however, open to the objection that, if the rectifier proper
should stop operation, a Y-connected transformer bank
would be left on the line with nothing to prevent the build-
ing up of a third-harmonic voltage. The double three-
phase circuit is the more popular at present.

Triple-star Circuit.

The triple-star connection has been used a good deal in
Germany. Its utility factor is somewhat better than that
of the simple six-phase connection, and its regulation is
somewhat better. It requires a very complicated trans-
former, however, and is also subject to the objection of
difficulties due to the Y-connected primary with no paths for
third-harmonic currents.

Y-star-tertiary Circuit.

The Y-star connection with tertiary winding on the
transformer is handicapped by poor utility factors but is
free from harmonic troubles, since third harmonics can
circulate in the tertiary winding. It also possesses better
regulation characteristics than the simple six-phase cir-
cuit with delta primary, as will be shown in a later section.

Comparison of Actual and Ideal Rectifiers.

The case of zero resistance and zero inductance in all
alternating-current circuits with infinite reactance in the
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direct-current ecircuit is, naturally, never met in practice.
It is, however, a fairly close first approximation for use in
laying out large polyphase rectifiers, particularly if allow-
ance is made for arc-drop by adding 15 or 20 volts to the
desired output voltage and basing calculations on this
larger figure.

The most serious failure as an approximation is in con-
nection with the voltage regulation. Both resistance and
reactance of the transformer windings cause a drop in the
output voltage when the load is applied, and this will be
the subject of much discussion in following chapters.



CHAPTER VIII

REGULATION OF RECTIFIERS DUE TO REACTANCE—
GENERAL METHODS OF ATTACKING PROBLEM

Resistance in the circuits of a rectifier will, of course,
result in a drop in the output voltage when the load is
applied. If the wave shapes are not seriously disturbed
by the resistance, however, it is usually possible to calcu-
late the regulation due to it by some simple means. With
reactance, the problem is more difficult. Regulation in
this case is due entirely to the distortion of the wave shapes
caused by the inductance of the circuits, and, as most
alternating-current systems have more reactance than
resistance, the problem is of considerable importance.

Commutation of Anode Currents.

In the preceding chapter, it was assumed that current
flows from the anode or anodes at highest potential as
determined from light-load conditions when there are no
resistance losses or inductive drops. This results in square
waves of current as shown in figures 46 or 48. It is obvious,
however, that in practice such wave shapes cannot be
obtained, for they represent an infinite rate of change of
current at the time it is being transferred between anodes,
and, with any leakage reactance in the transformer wind-
ings and supply network, the resultant induced voltage
tending to prevent such a change would be enormous.
Transfer of current, then, must occur at a moderate rate
and in such a manner that a voltage is available to over-
come the inductive drops. Figure 56 illustrates how this
occurs. The wave shapes indicated are those for a single-
phase circuit as shown in figure 45, but it is now assumed
that the transformer windings have leakage reactance.
During those portions of the cycle when no current change

108
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is taking place, the anode voltages will have their open-
circult values. Undistorted throughout this period then,
the voltage waves will progress as before until the point is
reached where they are equal. At this time, the current
would transfer immediately if no reactance were present,
but this is now a process requiring some time and is not
completed until the end of the period u. During this
time, the difference in potential between the anodes which
would exist under open-circuit conditions is used in over-
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Frouvre 56.—Effect of reactance on wave shapes in a single-phase circuit.

coming the reactive drops inside the transformer windings
with the result that neither anode has any voltage on it.
In fact, the transformer is temporarily short-circuited, for,
since both anodes are carrying current, it is possible for an
alternating current to pass between them and thus con-
nect the ends of the secondary windings. This current
will, however, be subject to the condition that it cannot
acquire a negative value greater than that of the steady
current on which it is superimposed, for then the anode
current would be of the wrong sign, which is impossible
on account of the rectifier action. At the time when the
instantaneous value of the short-circuit current is equal
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and opposite to the steady current which is carried by an
anode, the commutation process stops and leaves zero
current flowing to the anode which had been carrying the
load and full-load value of current passing to the other

anode.
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Ficure 58.— Effect of reactance, three-phase circuit.

The short-circuit current itself is indicated in figure 57.
As the voltage causing it is sinusoidal, it will also be sinu-
soidal, and, if no resistance is present, it will lag behind the
voltage by 90 degrees. It will swing about a displaced
axis because its amplitude is fixed and, also the point in its
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cycle at which it starts, as well as the value which it must
have at this time in connection with the steady current
represented by its displaced axis. Due to the presence
of resistance, the steady component forming the axis will
have a decrement, but, for the cases to be considered in
this book, it will usually be assumed that there is no resist-
ance and no decrement.

If the rectifier has more than two anodes, commutation
occurs in very much the same manner as in the single-phase
case, as shown in figure 58. Transfer starts when the
voltage of the incoming phase is equal to that of the one
carrying current and lasts throughout an angle u, during
which both phases involved have a potential midway
between their open-circuit values.

Effect of Commutation on Output Voltage.

The output voltage is equal to the average of the
instantaneous voltage of the conducting anode from the
time when one starts carrying current
until the following one begins. It is
apparent, therefore, that the changes
in wave shape are going to affect the
output voltage, and the loss in voltage
will be proportional to the shaded areas
in figure 58, or the area represented Frevre 59.—Open-circuit

.. . voltage between phases.
by the missing parts of the sine waves
in figure 56. This area is equal to the integral of half the
open-circuit voltage between phases, starting when it has
zero value and continuing through the angleu. Asthe open-

circuit voltage between phases is 21/2F sin ; where E is the

open-circuit voltage per phase and p is the number of phases
(see figure 59), the loss in output voltage will be given by

— P B3E sin T si
e,e—%ﬁ \/2E's1npsm 6de,

= 5 V2B sin© (1 — cos w), (14)
T p
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which is shown graphically in figure 58. The open-circuit
voltage was shown in the last chapter to be equal to

G, = \/éEg sin %’ (6a)
so that the voltage under load is
G =Gy — e,
~ G, (1 . u). (15)

The angle u can be eliminated from this equation because
it is a function of the commutating voltage, leakage react-
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Firctre 60.—Regulation curve of a large rectifier. The output is expressed in
terms of full-load current.

o

o O
(=)

Power - Factor
Efficiency,per cent

—
o
(=4

ance, and output current. If the leakage reactance per
phase is X, the commutating current will have an amplitude

of \/)?E sin ;: and, if the load current is J, commutation
will be completed when
2F
l/}?— sin% (1 — cosu) =J. (16)

By substituting the value of (1 — cos u) obtained from this
in equation (15), there results

JX
@ G0<1 2+/2FE sin 7r/p>’ (an
whieh indicates a straight-line regulation curve. That
such curves are obtained in practice is shown by figure
60, which is the regulation curve for a large iron-tank
rectifier up to one and one-half times its normal current
rating.
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In order to compare the regulation of the various rectifier
arrangements covered by Table V, it is convenient to make

use of the current value J, = pA\)/(Q—E’ that is, the peak
value of alternating current obtained with a complete
alternating-current short-circuit times the number of
phases. This will be termed the nominal short-circuit
current for reasons which will appear later. Substituting
this value in equation (17) gives

_ p (S ],
G = G"{l - 2Sin7r/p<JK>JL (17a)
or
7
G = Go<1 - AT>. (17b)
K

Equation (17a) applies for any number of phases where
the reactance is in the secondary leads and for such other
cases as have an entire phase involved in commutation such
as single and three phase. For other cases equation(17a)
will not hold true, but equation (17b) may still be used if
the proper value of A is known. Table Vc gives the
initial slopes of the regulation curves for the various com-
binations covered by Table V for various locations of the
inductance, and gives the range of voltage for which this
initial slope is obtained.

The short-circuit currents are also given in Table Vec.
Since several different shapes of regulation curves may be
obtained the percentage reactance so useful in ordinary
alternating-current calculations is no longer sufficient.
On the other hand, the load has no variable powerfactor, so
that regulation does not differ for different types of load,
except in cases of discontinuous output discussed later.

Reactance of Transformers.

The leakage reactance which a transformer exhibits in
polyphase rectifier service usually has a different value
from that measured for use of the same transformer with
alternating currents. This is not because of any change in
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the nature of the phenomenon of leakage reactance, but
because of the difference in the paths taken by the short-
circuit currents in the two cases. With a polyphase trans-
former, the ordinary reactance figures are those for a
short-circuit involving all the secondary windings. Where
the commutating current of a rectifier, however, flows
through only two secondaries of different phases, the effect
of the coupling between secondaries on the same trans-
former leg is avoided. The resulting reactance is then the
reactance that would be obtained with only these two wind-
ings short-circuited. That is, the reactance per phase
would be taken as half the open-circuit voltage between
phases divided by the short-circuit current obtained by
connecting two phases.

In transformers wound for the usual transmission volt-
ages, almost all of the reactance is between primary and
secondary so that substantially the same total secondary
current will flow with one or two secondary windings short-
circuited. That is, where only one-half is short-circuited,
the current per winding is double, which is equivalent to
saying that the effective impedance to commutation in
one coil is substantially half the value obtained with a
complete short-circuit.

As the lap angle u increases, the average instantaneous
potential for the active anodes falls until a point is reached
where a third anode becomes positive enough to tend to
take current before the first has dropped to zero. After
this point is reached, the hypotheses on which equation (17)
is based, no longer apply. Such possibilities are considered
in a later chapter.

Effect of Commutation on Transformer Heating.

With the wave shapes obtained in practice, the heating
effect of the secondary currents will be less than the value
calculated for the square waves, for the overlapping of the
waves due to leakage reactance will spread them out over
a larger angle and thus reduce their root-mean-square value
without affecting their average.
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If 7 is the amplitude of the commutating current and u is
the angle of overlap, the loss during the period while the

current is building up in a winding will be 21;f 12(1 — cos )2
0

dg. If J is the output current, the loss duing the decay
of current at the end of the conducting period will be

2% f {J — 1(1 — cos §) }2d6. The period during which full-
J0
load current is carried is reduced, however, by the angle u,

. .. 1 (>
and this means a reduction in the loss equal to 5 f J2de.
The net reduction in the loss is, therefore,

1 [ 1

- 2y — — 201 — 24 —

Le 2r£ J2do 2r£ 12(1 — cos 6)2d9

1 u
o

= l[2Ji(u — sin w) — 2i2<3

J — i(1 — cos 6) }2do,

u 9 sin u L 9
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Ficure 61.—Effect of commutation on heating of transformer secondary
windings.
or, as
. J
1 = —)
1 — cosu

1 2J? . u |
Lr = Z(ﬁ()S—W,)(smu — 5 —ucosu+ 4 sin 2u>-
2

The loss due to square waves is Ly = > and, hence, the

relative reduction in loss is

Le _ 14 : y 1 1
.= W—(l—_&)s—u);(sm U— 5 — ucosu + 3 sin Qu). (18)
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The relative loss may be obtained by deducting this from
unity and is shown graphically in figure 61. While the
curves apply particularly to the secondary windings, they
will also apply to the primary windings in those cases where
the primary carries two pulses of current in opposite direc-
tions, and each pulse has the same form as the secondary-
current wave.

General Methods Used in Attacking Regulation Problems.

The simple regulation problem solved in the beginning
of this chapter indicates the complexity which may be
expected in cases where several anodes carry current
simultaneously. - Ready solution of these problemsdemands
a set of viewpoints differing from those in general use
which soon submerge any calculations under a large mass of
figures from which it is difficult to extract any useful
results. Physical conceptions must be reduced to the
simplest and clearest forms and full advantage taken of any
mathematical short cuts which may be found.

The advantage to be gained by reduction of the circuit
into an equivalent circuit of fewer parts has already been
demonstrated by several examples. Another powerful aid
in making calculations is to divide the voltage into simple
parts and work out the current for each part separately and
then add these components to get the total current. Each
component of the voltage will cause a corresponding com-
ponent of the current to flow as though there were no other
voltages or currents in the system, and it will be seen that
no new mathematics is involved in doing this. The whole
scheme might be compared to writing out the usual equa-
tions using inks of different colors so that terms which are
closely related would have their connection indicated at
once. Considerable simplification of the problem is often
obtained by thus dividing it into parts, and its physical side
stands forth with greater clearness, which means that the
chances for error are diminished.

An application of this method is demonstrated by the
solution of the battery-charging rectifier problem.



REGULATION OF RECTIFIERS DUE TO REACTANCE 117

Battery-charging Rectifiers.

These rectifiers are of a special and very simple type.
They can be used only for certain kinds of service, but in
their field they are both highly satisfactory and quite
inexpensive. Their distinguishing features are the absence
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FI1GURE 62.—Wiring diagram of a battery-charging rectifier.

of a choke in the output circuit and the control of current
by reactance in the transformer or anode leads. The
absence of a choke means that they will not deliver a con-
tinuous output current, but for charging batteries this is
immaterial. The circuit for such a rectifier including
excitation of the holding arcs and an automatic starter is
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and, if current flows from either anode through an angle 26,
the average value of the alternating voltage during this
period must be equal to the output voltage G, for the current

Open Circuit Anode Voltage

L /\
Averagc Voltage of Winding
While Carrying Currtznt(G)

\/ Time —

Ficure 64.—Relation of direct and alternating voltages in a battery charger.

starts at zero and has the same value at the end of the con-
ducting period, which means that the average voltage
applied to the reactance must be zero.

Since the average voltage during the conducting period
must be equal to the output voltage, and since conduction
begins at the instant when the o
alternating and output -voltages 30
are equal, it appears that there
must be a connection between 64
the phase angle at the time cur- o 4
rent starts to flow and the angle 3d //
during which conduction takes
place. If conduction begins at a 0f 507 T20° 180°
time before the maximum voltage 0 —
is reached represented by the
angle ¢, the average voltage as
obtained by integration over the conducting period will be

20 —
G = Ql—f ¢\/§E cos 0d§ = \/Eze[sin (26 — ¢) + sin ¢),

= }/gﬁ sin O cos (8 — ¢). (19)

FIGURE 63.

But the average voltage as given by starting conditions is
= v/2E cos ¢; (20)

— 2E .
hence, V2E cos ¢ = 3/ — sin © cos (6 — ¢)

o
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from which

- — Ccos O
sin 6

tan ¢ = sin ©

(21)
The relation between ¢ and 6 is shown graphically in figure
65. -

Knowing the relations between the voltages and the
angles © and ¢, it is now possible to calculate the current.
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The manner in which this is accomplished is shown in figure
66. The transformer winding has induced in it a sine wave
of voltage, as shown by a. As soon as conduction of cur-
rent commences, this voltage is impressed on the reactance
of the circuit together with the direct counter voltage of
the battery being charged, which is shown by b. These two
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voltages may be assumed to cause two separate currents to
flow through the reactance of the circuit which, for the
present, is considered as though lumped in the anode leads.
Neglecting the starting value, the alternating voltage will
result in a simple sine wave of current, as shown at ¢c. The
value of this wave at the time of starting of the current is
not zero, however, but this is easily remedied by assuming a
steady current of opposite sign to start at the same instant,
as shown by d. Such a current of the proper magnitude
will compensate for the starting value of the sine wave and
vet requires no voltage for its maintenance. The direct
voltage of the battery will, of course, produce a current
increasing uniformly with time and of negative sign, as
shown at ¢, and, by adding all the components of the
current together, the total current is obtained, as given by f.

Value of the Output Current.

The instantaneous value of the anode current can now
be written very easily. Denoting 2xf by », the component,
V2E

of current due to the alternating voltage will be I
W,

sinwf, and the transient caused by starting it will be
T V2E sin (—¢). The direct voltage is +/2E cos ¢,

wlL
and the current component due to it will be

~ (v2B cos (1),

The addition of these results in

\/iE not + \/QE sin ¢ — V/2E cos ¢(t~i-¢ﬁ"> (22)
w.

The output current per anode will then be given by

wt = (20 - ¢)
I _ if@'dt,
p 2’"' wt=—¢

where J is the output current and p is the number of anodes.
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Hence,
20—¢ B
J [\/QE sin (wt) \/QE siﬂ
P 27r wl. wl.
—¢
— (V/2E cos ¢) < + ¢>]d(wl)
_ 20 ¢
= \/2E[ — ¢08 (wl) + (wi) sin ¢ — l(wt + ¢)2 cos ¢ )
27['60]1 2 — ¢
——\/—2 [— cos (20 — ¢) + cos (—¢) + 20sin ¢ —
21wl
26’ cos @],

\/2F

sin ¢ — 02 cos ¢]. (23)

Output Current and Voltage as Functions of 6.

Equations (20), (21), and (23) contain all that is neces-
sary in order to express the relation between the output
voltage and current. That

is, ¢ is a function of @, and 120 N Tql

G and J are functions of ¢ X 080 NC/2E /

and 0 and can be expressed in > 060 \NIZ
terms of 0 asa parameter. If 3 040 K
desired, the relation between Ole 020 SN

G and J could be expressed 05 60{ 120° 180°
without using 6, but there is A e

no real reason for desiring its Fioure 67,

elimination. Figure 67 indi-

cates how (7 and J vary with 6. The voltage is expressed in
terms of the no-load alternating peak value which is \/2F
and the current is expressed in terms of the nominal short-
circuit J, which, however, would not be attained in practice
except in this case where all the reactance is in the second-

ary leads. The value of J, will be defined as \/—‘?X],Lf

where X is the apparent reactance of each secondary lead
on a polyphase alternating-current short-circuit. Figure
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G
68 shows —=,, as a function of ‘—]— The points on the
V2E X
curve represent values of 6 taken at 15-degree intervals.
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I'16URE 68.—Regulation curve of a battery charger in which the reactance may
be considered as though lumped in the anode leads.

Short-circuit Output Current.

The actual short-circuit output current can be obtained
by substituting in equation (23) the corresponding values
of © and ¢ which are 180 and 90 degrees and this results in

/\ + 0, 20, Z

3,
Direct
?urrent

0

I'16URE 69.—Short-circuit anode-current wave when all the rcactance is in the
anode lcads.

a value equal to the nominal short-circuit current. Figure
69 indicates the shape of the anode-current wave. Each
anode carries an alternating current and a superposed
direct current equal in magnitude to the peak of the
alternating-current wave. There is now no current com-
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ponent increasing with time, for there is no direct counter
voltage to cause it. Current flows from each anode
throughout the entire cycle, and it is obvious that this
must be so if the average value of the induced voltage,
while current is flowing, is to be zero. The peak value of

. . 2 .
the alternating component of current is \/w I and this

will also be the value of the direct current contributed to
the output by each phase. For convenience, this short-
circuit wave form of anode current will be assumed as
the basis of reference throughout this book and the output
current which it represents will be designated the nominal
short-circuit output current. For p phases, the nominal
short-circuit current J; will be

_ V2Ep, (24)

Actual and nominal short-circuit current are equal only in
the case where all the reactance is in the secondary leads
and in a few other cases where there is no coupling between
anodes.

The use of equation (24) to eliminate E, p, and wL from
equation (23) results in

Ji = —1-[sin (6 — ¢) sin ® + O sin ¢ — 62 cos ¢], (25)
K a

which is the function plotted in figure 67.

Effect of Primary Reactance.

So far, it has been assumed that the reactance of the
rectifier circuit is of such a nature that it can be considered
as though lumped in the anode leads. In practice, how-
ever, this will be only a special case. It is thus necessary
to see what the effect of other distributions of reactance may
be. Considering light loads where each anode carries
current for less than 180 degrees, it is apparent that the
location of the reactance whether in the primary or second-
ary will not affect either the output voltage or the current
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wave shape except that with primary reactance the react-
ance presented to the commutating current will be half
that determining J .

When current tends to be carried by an anode for 180
degrees or more, it is necessary to reexamine the conditions
of operation. Consider the case where all the reactance is
in the primary winding if a transformer is used or in the
supply lines if a compensator is employed. Then an anode
cannot carry current for more than 180 degrees because,
while either anode is carrying current, it will be at battery

T/

|
% Open Circuit
m Al‘?.ernatianVoltage

[
/A
Anode Current

1o

Anode Voltage

Ficure 70.—Wave shapes of a battery charger in which the reactance may be
considered as though in the transformer primary.

potential and the other anode must be at an equal and
opposite potential. Hence, only one anode can carry
current at a time, and each will carry current for 180
degrees or less.

The wave shapes obtained under these circumstances
are shown in figure 70. They differ markedly in two points
from those obtained with secondary reactance. First,
the output voltage and open-circuit transformer voltage
are not equal at the time an anode starts to carry current.
One anode starts to carry current because the other has
ceased and thus has left the first anode with a voltage which
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would be above that of the output except for the reactive
drop in the primary inductance due to the current rise.
This quick starting of the current is different from that
previously obtained where the rate of increase of current
was zero at the time it started to flow. When this differ-
ence is traced further, it is found that the short-circuit

/

b— 180°—

F1eure 71.—Short-circuit anode-current wave when all the reactance is in the
transformer primary.

current wave is one-half of a sine wave, as shown in figure
71, and flows for only 180 degrees instead of 360 degrees
as before.

Regulation Curve of Battery Charger with Reactance in
Primary. '

The regulation curve of a rectifier with all the reactance
in the primary will follow the same form as that correspond-
ing to secondary reactance until the anode current waves
become 180 degrees in length, with one important dif-
ference. Due to the fact that the secondaries can now
affect the voltage of each other, it will be found that the
equivalent secondary reactance per winding on an alter-
nating-current short-circuit involving both secondaries
will be twice as great as the equivalent reactance per.
winding if only one secondary is involved. If one value of
reactance is used in calculating the regulation, the value of
reactance used in calculating the nominal short-circuit
current must be double this and the ratio of J to J, for the
same voltage drop will be twice that obtained with react-
ance in the anode leads.

The regulation curve from the point where current is
first carried for 180 degrees until short-circuit is reached
may be calculated in a manner similar to that used in
obtaining the first curve. If conduction begins at an
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angle y before the maximum of the open-circuit alternating-
current voltage wave is reached, then

2F (v
G = v f cos 6de,
T J-y

= V2E [sin 6]_,
™ ™

oy 2V2siny (26)

The alternating component of current due to the alter-
nating voltage will be \{OT sin wt, and the corresponding

. 2F si
transient \/7“’{&‘? The current due to the counter

voltage will be — METsiw (%M‘) Hence,

V2E

) 2
1= [sinwt+sin\p— sin ¢
wl.

w+w| @

A}
[ e
e=vV2Ecoswt
/ l:c *\\\
\,
\V
2@ =T —

FI1GURE 72.

and the output current per phasé will be

2 -
S ein et sin g = 2 gy Ja,
5E ) 2 t+ )2y
;:rwl [— cos (wl) + wl sin ¢y — %nlp (LQ"Q jl—w !
\/ 5E \V/2E cos y

[2cosy + wsiny — 7w siny] = - (28)

7er‘

= 2rwl
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This section of the regulation curve can also be determined
by inspection of figure 72 which is a modification of figure
66 for 26 = =. The alternating voltage is ¢ = +/2E cos
wt as before. The alternating-current component is
. \2E
* WL

14 due to the counter electromotive force are reversed and
added so that the crossing points of 7, and ¢, are the points
of zero current. The line 7, is equally above and below the
axis so that the average current is not affected by it but
is fully determined by the average of the sine component,
that is, the average of a sine wave for 180 degrees,

I 2E 1
f; \/i,E > %m wl d (wl) = \/XF - COS Y.

sin wé. The transient current and the current

The change in ¢, for a duration of = is
%V?E . _G/w) oG
siny = =7 = 0

5 /5
or G=f\/2E

sin .

These values, therefore, check those obtained by algebra.
Output current and voltage are thus found to be, respec-

tively, sine and cosine terms of the same variable, which
means that the resultant curve is part of an ellipse. The
nominal short-circuit current per phase will be given by

Jx V2E

» el (29)
where wL’ is the reactance on complete short-circuit and
L’ has been found to be twice L. Hence,

J 2 208y

- (30)

. . . 2
which has a maximum value on a short-circuit of = cor-
™

responding to a value of zero for y.



REGULATION OF RECTIFIERS DUE TO REACTANCE 129

The complete regulation curve for a battery charger
with all the reactance in the primary is shown in figure 73
and is more desirable than the curve obtained with second-
ary reactance for applications where a lower ratio of short-
circuit current to current obtained at normal working
voltages is required.

100

30

N

0O 10 20 30 40 50 60 70 80 90 100
Current J/Jk

F1oure 73.—Regulation curve of a battery charger in which the reactance may be
considered as though in the transformer primary.

Regulation of Battery Chargers with Distributed Reactance.

The regulation of a battery charger having its reactance
distributed between the primary and the secondary can be
readily calculated in the case where an anode carries current
for less than 180 degrees. By measuring the apparent
reactance of the secondary windings with only one winding
short-circuited at a time a value of reactance is obtained
which may be used in the calculations as though lumped
in the anode leads. Substitution of this figure in the equa-
tion for the nominal short-circuit current instead of that
obtained with complete short-circuit results in a special
quantity in terms of which the output current can be
expressed as it was expressed in terms of J, in the case
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with secondary reactance. The regulation curve will,
therefore, be given by figure 68, as in the previous case,
except that J will be measured in terms of the special
quantity just defined instead of J.

After the period of conduction reaches 180 degrees, this
method can no longer be applied. This case is of such
limited interest that it will not be discussed in this book.

Construction of Transformers for Battery-charging Recti-
fiers.

Reactances in the anode leads are expensive because
they are subject to saturation by the direct current, and
this is another reason for using primary reactance except
in the auxiliary holding-arc circuits where a large current
overlap is of primary importance. The primary reactance,
however, need not be a separate piece of apparatus; all that
is required is to separate the secondary windings from the
primary in such a way that there will be considerable leak-
age between the windings. This will result in a high
leakage reactance which may be considered as though in
the primary. The two secondary windings must be
arranged, however, so that there is no appreciable leakage
between them.

Voltage of Battery Chargers Is Dependent on Type of Load.

It isinteresting to notice that the output voltage of battery
chargers of the type discussed here is dependent upon the
counter electromotive force of the battery being charged.
If a battery is replaced by a resistance capable of absorbing
the same power at the battery voltage, the voltage of the
rectifier will drop. The rectifier normally operates for only
part of the cycle, during which its output voltage is equal to
that required to overcome the counter voltage of the battery,
and during the idle portions of the cycle its terminal
voltage is maintained by the battery. When the battery
is replaced by the resistance, the latter is not only incap-
able of maintaining a steady voltage but will also draw
current all the time from whichever anode is most positive
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and thus reduce the average voltage by lengthening the
period over which the average is taken.

Conditions of Service of Battery Chargers for Lead Storage
Batteries.

In charging lead storage batteries, the first requirement
is to put in a certain number of ampere-hours charge in
the available time. In doing this, however, there is a
limiting rate at which the battery can be charged. When
the battery is nearly discharged, it can be fed a fairly high
current without danger, but, as it charges up, the rate
must be decreased because more energy is then used in
heating the parts instead of producing the desired chemical
changes. Furthermore, as the battery ¢,
charges up, its electromotive force in- Amp“ms. .
creases and a higher voltage is necessary %j's"
to charge it even though the current Voire
drawn may be less. The volts and am-
peres of a battery bei-ng charged under FroonE 74 —Volt.
the usual conditions will, therefore, be of ampere characteristic of
the nature indicated by figure 74. a batterybeing charged.

It would add to its usefulness if the regulation of the
rectifier could be made of such a value that it would give
automatic adjustment of the current as the charge pro-
gresses. This can be accomplished by operating in the
proper section of the regulation curve as given by figures
68 and 73. To determine conveniently the correct operat-
ing range, the curves of figures 68 and 73 are first replotted
with the currents and voltages to logarithmic scales, as in
figure 75. When the ratio of starting to finishing current
is given, this will then be represented by a fixed horizontal
distance regardless of the actual values. The voltages at
start and finish will also be known, and their ratio will be
shown by a corresponding vertical distance. These two
increments together will then represent the slope which the
regulation curve must have when plotted, as in figure 75,
and, by picking out the portion of the characteristic having
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this slope, the values of — — at start and finish of the charge

\/E

are readily determined.

Effect of Arc-drop.

The arc-drop has been neglected up to this point, but it
must be considered in an actual application. Since it is
substantially constant and because of its location in the
circuit, it may be treated as part of the battery voltage.
The potential G then consists of the battery voltage plus
the arc-drop.

Example of Voltage Calculations for Battery Charger.

Let it be supposed that full charge for a certain lead bat-
tery can be obtained in 8 hours with a starting current three
and one-half times that at the finish and that during charge
the cell voltage rises from 2. 21 t02.48. If there are sixteen
cells in the battery and a 15-volt arc-drop in the rectifier,
the value of G will be (16 X 2.21) + 15 = 50.36 volts at
the start of the charge and (16 X 2.48) 4+ 15 = 54.68
volts at the finish. The ratio of these voltages is 1.085, and,
in connection with the current ratio, this gives a slope as
shown in the lower left corner of figure 75. The arrows
indicate the points on the two regulation curves between
which this average slope is obtained. It appears that the

value of \/02[5 is 0.848 at the start of the charge and 0.92

at the finish.

When the currents to be delivered by the rectifier are
known, the reactance of the transformer can be readily
determined. Figure 75 gives the actual currents in terms
of the nominal short-circuit output currents, and, when the
latter are known, the reactance of the transformer is given

by equation (24) or (29).

Heating Value of Current.

The root-mean-square value of the anode current
can be obtained by squaring the instantaneous value given
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by equation (22), integrating, averaging, and then extract-
ing the square root. This is a rather lengthy and tedious
process and is not altogether satisfactory because the
answer depends on the difference of relatively large quanti-
ties. The results obtained are shown in figure 76, and it
appears that the ratio of root-mean-square to average
current is approximately one and one-fourth times the
square root of the reciprocal of the fraction of a cycle during
which an anode is conducting.! This might be expected
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Ficvre 76.—Heating value of battery-charger anode currents.

because the ratio of root-mean-square to average for
square waves is exactly equal to the square root of the recip-
rocal of the conducting period. Figure 76 covers only the
range where conduction is for less than 180 degrees. This
type of rectifier meets the conditions discussed in the
preceding chapter for which the nominal primary volt-

1
amperes are :/*2 times the sum of those in the secondaries.

1 The connection between the period of conductivity and voltage ratio is
indicated in figure 67.
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Charging of Edison Batteries.

Although the examples given apply to lead batteries,
the curves and equations may be used equally well for
Edison cells. For lead cells the most favorable charac-
teristic is the one employing the greatest ratio of initial to
final charging rate, whereas the Edison cell is best charged
at a substantially constant current. The actual designs
for chargers for the two purposes are quite different although
the principles are the same.



CHAPTER IX

REGULATION OF RECTIFIERS HAVING ALL THEIR
REACTANCE IN SECONDARY WINDINGS!

It was seen in the preceding chapter that, by first calculat-
ing the performance of battery-charging rectifiers as
though all the reactance was in the anode leads, a solution
was obtained which was later found to be applicable with
slight variations to other conditions. In discussing recti-
fiers having chokes in the output circuit, it will be conven-
ient to start with the same assumption, for, although the
condition is not met in practice, the results of the calcula-
tions will be found to be of considerable value. The arc-
drop and resistance losses will be assumed to be so small
that their effect on the wave shapes may be neglected.
They can then be disregarded until the end of the calcula-
tions is reached, at which point a simple correction will
make allowance for them. This means that the regulation
will be considered as though due in large part to the effect
of the reactance of the transformer windings—an assump-
tion well justified by the facts, except in the case of certain
small transformers which have a resistance of unusual
magnitude as compared with their leakage reactance.

Rgctiﬁer with an Infinite Number of Phases.

If a hypothetical rectifier having an infinite number of
phases is chosen for purposes of discussion, it will be found
to be a useful starting point. Except at noload the output
current will always be supplied by a group of phases
operating in parallel. Phases entering the portion of the
cycle in which they carry current acquire their share of the
current slowly and do not cease to carry it until other
phases having a higher induced potential take it from them.

1 This chapter follows work of DALLENBACH and GERECKE, as explained

in the preface.
136
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This means that, instead of a phase carrying current for
only that portion of the cycle where it has a higher induced
potential than the other phases, it will continue to carry
current after its induced voltage has passed below those of
some of the phases which follow it.

In figure 77, the secondaries are shown connected in a
star with the free end of each winding connected to an
anode. The currents from these
anodes will pass to a common cath-
ode, through the load, and back to 2©
the midpoint of the star. Each sec- z
ondary winding will be supposed to
have a leakage inductance L and this
will be considered to represent all the
reactance which need be taken into
account, except for the choke in the
output circuit which will be assumed F¢®
to be of sufficient size to prevent any
ripple current from flowing. The group of phases carrying
current at any time is indicated as comprising an angle 20
and this means that the induced voltages of the windings
carrying current at any time vary in phase throughout a
corresponding angle or that any particular anode will carry
current during a portion of the cycle equal to 26.

E 77.—Rectifier with
infinite phases.

Potential of a Group of Phases Carrying Current.

While the induced voltages of the windings which carry
current at any instant are not equal, it is impossible for
this difference to show itself at the anodes. Those which
carry current are all at substantially the same potential
with respect to the cathode, for the are-drop is not only
small but also practically constant. The difference in
any winding between the terminal voltage and the induced
voltage is used in producing a change in the current in that
winding. Thus, if the potential of the group is ¢ and the
induced voltage of the phase is v/2F sin (wf + y.), the

difference will be equal to L % for anode a.
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As the sum of the anode currents is held constant by the
direct-current choke, the sum of the rates at which they
are changing must be zero. Hence, if the voltages of the
different anodes are written down and added, it is found
that the voltage of the group is equal to the average induced
voltage of the windings carrying current.

Thus,
V3E sin (ut+ ) — L0~ g,
V2E sin (wt 4 ¢5) — L %Z’ =y,
S dis
V/2E sin (wt + ¢3) _LW =g,

2V2E sin (ot + yo) — =L C(Z—;; = ng,

where n is the number of anodes carrying current at the
same time. And, as

dis
ZLE - 07
1 — .
g =~ XV2E sin (ot + va). 31)

In the case of infinite phases, there will always be so
many phases contributing to g that it will contain no ripple
and will therefore be equal to the steady output voltage G.
The choke in the output circuit is therefore superfluous in
this particular case. Furthermore, equation (31) may be
expressed as an integral instead of a summation. The maxi-
mum value of this integral would result if the winding in
the center of the conducting belt were at its maximum
induced potential and would be given by

1 [te \/2E sin ©
V = §6 _}3/2E COS wtd(wl) = - - 6 T (32)

As the average induced voltage of a fixed group of wind-
ings represents a summation of sinusoidal voltages of a
single frequency, it follows that it will also vary sinusoidally
and at the same frequency. Its maximum value will be
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given by V and it will be in phase with the induced voltage
of the winding in the center of the group. By this means
it is possible to calculate the voltage of the group of con-
ducting phases when the width of the group 26 and the
time phase of the voltage induced in the central winding
are known.

Conditions under Which a Phase Enters the Conducting
Group.

A phase becomes part of the conducting group when
itsinduced voltage becomes equal to the averageinduced volt-
age of the group as shown in figure 78, and, as long as its

e Potential of Phase on Edge of
Group =v2E cos (wt-8)

Rectified Voltage(G)

f+—— Potential of a Fixed Group
— 1 4 of Phases=v2 E 5‘—‘%9— cos wt
0 \y
Time —=
Firesure 78.—Conditions under which the incoming phase enters the conducting

group (infinite-phase casc).

induced voltage is greater than that of the group, it gains
current continuously. After it has been in the group a
while, its induced voltage falls below that of the group
and then it loses current steadily until zero value is reached,
at which point it leaves the group.

Characteristics of Rectifier with Infinite Phases.

During the time a phase is in the conducting group its
average induced voltage must be equal to the average
induced voltages of all the phases in the group at any
instant, which has been shown to be G, the output voltage.
Hence, the output voltage of a rectifier of infinite phases
must be the same as that of the battery charger when the
anodes in both are carrying current throughout the same
angle, for in both cases conduction commences when the
induced voltage is equal to the average during the conduct-
ing period and this average voltage is the output potential.
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Furthermore, the secondary windings will have the same
voltages impressed on them in both cases and similar
current waves must result. For these reasons then, the
regulation curve of a rectifier of infinite phases will be the
same as that of the battery charger with secondary react-
ance, as shown in figure 68.

Conditions Prevailing When Several Anodes Carry Current
Simultaneously.

The special cases of regulation characteristics which have
been discussed illustrate the means to be used in attacking
the more general problem where several phases carry
current simultaneously, and the total number of phases
cannot be considered as infinite. From the battery
charger and the case with an infinite number of phases,
it is seen how the current in any phase may be determined
by separating all the voltages which act upon it and calcu-
lating the effect of each separately. There will now be an
additional voltage, however, representing the irregularities
in the rectified wave due to the smaller number of phases
being used. As before, an anode will start to conduct
current at the time the induced voltage of the correspond-
ing winding is equal to the average value of the induced
voltages in all the windings carrying current. This
average voltage can, however, no longer be considered as
continuously equal to the direct output potential, because
of the ripple produced in it by the use of a limited number
of phases. Instead, its value must be calculated with the
aid of diagrams similar to those used in discussing the
limited case involving conduction by only one or two
anodes.

Conditions under Which a Phase Enters the Conducting
Group are Dependent Only on the Number of Phases
in the Group.

An anode becomes active when its induced potential
becomes more positive than the potential of the active

anodes. For instance, referring to figure 79, if anode t



REACTANCE IN SECONDARY WINDINGS 141

only is carrying current, transfer will begin at «, where
e. becomes greater than ¢,. If anodes s and t are carrying
current, e, need only exceed their average e, which it
does at a,, and so on. These values of « can be severally
determined by solving for the points of intersection. A
better method, however, is obtained by vector representa-
tion of the voltages, as shown in figure 80. The induced
voltages of n — 1 phases gq, r, s, and t which are already
carrying current are shown by the vectors 0Q, OR, OS,
and OT. Their average value is represented by OY.
The voltage of the incoming phase u is shown by OU.

—a,
]
a) H
Frsuvre 79.—Conditions under which the Freure 50.-—Vector relations
incoming phase enters the conducting group at time phase enters conducting -
(case with a finite number of phases). group.

The actual value of the voltages at any instant is shown by
their projection upon a line with respect to which they have
a relative angular velocity of 2xf. The incoming phase
becomes part of the group at the instant when the vector
representing the group voltage and that representing the
potential of the incoming phase have equal projections
upon the reference line. OA represents the relative posi-
tion of the reference line when this occurs. It is drawn
perpendicular to UY. The angle ¢ between OU and OA
is then the angle by which the voltage of phase u is dis-
placed from its maximum value at the time it becomes
conducting, while « represents the angle by which it is
displaced from zero value. Both these angles are clearly
independent of load except as the load influences the
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number of active anodes. After phase u has become part
of the conducting group, it contains n phases. The average .
voltage of the group is now represented by the vector 0Z
which must of necessity have the same projection on OA as

OU and OY.

Induced
Voltages
of Phases

/
L e
V2 sin

il
P
JiEsinD—E1r
sin IL
nsin B

Fioure 81.—Average voltage of phases operating in parallel.

A convenient function of « to evaluate is its tangent

Bz OZsin(n—l);-
tan a = UB =

OU — OZ cos (n — 1)%

Taking OU as v/2E, the value of OZ is seen, by inspection
of figure 81, to be

2E sin n’

}{7” sin np’

. ™
7 sin
D
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and substitution of these values in the expression just given
results in

sin T sin (n — 1)lr
tan a = P P . (33)
. . nmw T
n sin — — sin — cos (n — 1)—
p p

The angle o will change with load, but by large incre-
ments representing changes in the number of anodes which
carry current simultaneously. Smaller variations in load
do not affect « but adjustment of the circuit is obtained by a
change in the time when an anode ceases to carry current
which is a continuously variable quantity. Table VI shows
the values of « under various conditions of operation.

TaBLE VI
P n tan « sin « cos a «
2 0 0 1 0 degrees
1 3
2 :/_5, % %3 30 degrees
3 0 0_ 1 0 degrees
0 2 V3 %’ é 60 degrees
: 2
6 3 % \/;3 V7 40 degrees 54 minutes
3 4
0 4 —\/4_3 \/g V19 23 degrees 25 minutes
3 11
5 %ﬂ ; % 2v/31 8 degrees 57 minutes
6 0 0 1 0 degrees

Voltage Wave Shapes When Current Is Carried Simul-
taneously by Several Anodes.

The voltage wave shapes which are obtained when several
anodes carry current simultaneously are indicated in
figure 82. Phase u will begin to carry current when its
induced voltage is equal to the average induced voltage of
the n — 1 phases which are already carrying current. At
this point it has advanced by the angle « beyond the time
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of zero voltage. The rectified voltage wave will then follow
the average induced potential of the n phases (including u)
until the leading phase of the group ceases to carry current,
which occurs at the time represented by the angle 3. The
rectified voltage will then rise to that given by the average

Voltage of (n-1) Phases in Parallel
Voltage of n Phases in Parallel

SRR
OBORE

Direct
Vo|1(aq~z

S
(

(@)

Open Circuit
Voltages of
Phases

Current in Phase u
Due to Induced
Voltage )
(b)

Current in am«/Phascz
Due to Ripple Voltage (c¢)

Alternating Component
of Anode Current

)
I
LAY {d
N A\JN\\) Component of Anode
N Current Due to Direct
) Counter Voltage
]
1

L ——Total Anode Current @

Ficrre 82,—Wave shapes obtained when several anodes earry current
simultancously.

of » — 1 phases, but this group will now contain phase u
and the voltage therefore will not be a continuation of the
former curve for n — 1 phases, but will be a repetition of it

. . 2 .
having a displacement of 'pt where p is the number of phases.

This curve will be followed until phase v which follows u
becomes part of the conducting group, when the voltage
will again be the average of the n anodes then carrying
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current. The voltage impressed on any phase while it is
conducting current consists, therefore, of the alternating
voltage induced in the phase, the direct counter electro-
motive force, or output voltage, and the ripple voltage, a

C . . . 2
complete cycle of which is contained in an interval of %

Calculation of Anode-current Wave.

The alternating and direct voltages impressed on the
phase will produce an alternating current with a lagging
displacement of 90 degrees, asteady direct current represent-
ing the transient caused by starting the alternating current
and a unidirectional current increasing regularly with time.
These will be combined in the same manner as in the case
of the battery charger. In addition, there will be a current
through the phase due to the ripple component of the recti-
fied voltage. This current will usually be quite small in
magnitude and will have the same frequency as the ripple
voltage.

The value of the output current can be calculated in
several ways. An obvious method is to integrate the
instantaneous value of the current to an anode over the
period during which it carries current and multiply this by
the factors required to give an average value. This
involves, however, the integration of the ripple current
which is quite awkward. A second method consists in
calculating the sum of the currents carried by all the
anodes at any instant. It is apparent that this is the
‘instantaneous output current, but this current is constant;
so the instantaneous value gives the desired result. This
calculation can, moreover, be carried out without involving
the ripple current. Assume that one anode is just begin-
ning to conduct current. All other anodes carrying current
will have been conducting for intervals which are multiples

2 .
of ;ﬂ The average value of the ripple voltage for any

such interval is zero; hence the currents at this time havea
component due to the ripple voltage of zero magnitude.
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Denoting the current to the anode just beginning to
carry current by ?,, and the currents to the anodes which
precede it by %2, 13, 74 . . . 1, gives

7:120,

w=a+—
: . 1 =,
1o = 1, + Ef(\/ﬂ? sin wt — G)dt,

t=a

wt =a+——
) . 1
13 = 15 + Lf(\/2E sin wt — G)dt,

¢ a+»~

wl a+—
. ) 179 — P
14 = 13 + Zf(\/?E sin wt — G)dt,

t=a+4t
p

1 wt=a+(n I)F
T = Tn1 + I_/f<\/§E sin wt — G)dt,

2r
t=a+(n—2)b—
J=@1+'L?+'LS+ <. . /L‘m
a + k—
1k 2.
— 2 (n — k) | (\/2E sin wt — G)d(wt),
L 27
a+(1€—1)p‘
1 k=n—1 _ wl=a+k2pt
=L X (n — k)[—+/2E cos wt — th]wt:aﬂk_l)?:,

1 k=n—1

o 2r
=7 2:1 (n — k) [\/213 cos <a + (k — Dp)
— V/2E cos <a + k2l> - G2P7W’
J

k=n-1
JX = z (n — k) (2\/§E sin <a (2k =1 )sm7—r1
] p p
2rn(n — 1)
—;-—-2—(}. (34)

Figure 82d illustrates graphically the manner in which
the anode currents are calculated and why each current can
be expressed in a way involving those which have not flowed
for so long a time. The components due to the ripple
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voltage are not shown in this case. They are very small,
but would give the current wave an appearance as in figure
82e.

Prestarting of Anodes.

It is possible for an anode to enter the conducting group,
leave it after a short interval, and then return to it for a
longer period. The manner in which this occurs is shown
in figure 83. Previous to the point A, phases r, s, and t
have been carrying the load between them and the rectified

Voltage of Phases r, s t in Paralle!

Voltage of Phases rs,t.uin Parallel
Voltage of Phases s,t,u in Parallel
Voltage of Phases s,t in Paralle!

Open Circuit
Voltages of Phases

F1cure 83.—Wave shapes with prestarting of anode currents.

voltage is their average induced potential. At A the
voltage of phase u becomes equal to this and phases r,
s, t, and u then carry current. At B phase r ceases to carry
current, and the rectified voltage rises to average induced
potential of phasess, t, and u, as shown at C. The potential
of phase u is now lower than that of the group and it loses its
current and ceases to have any at D. The rectified voltage
then rises to the value corresponding to phases s and t at £
and follows this wave until phase u again enters the group
at F. Beyond this point, the rectified voltage is given by
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the value corresponding to phases s, t, and u. At A’,
phase v starts to enter the conducting group; hence, AA’
is a complete cycle.

This phenomenon causes additional irregularities in the
anode-current wave, but the same equation (34) still holds
for the output current provided n is taken to represent the
number of anodes carrying current after the incoming anode
has entered the group for the second time. This is so

100
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A p=6,n=2
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FictRE 84.—Regulation curves of rectifiers in which the reactance may be
considered as though lumped in the anode leads.

because the currents calculated for the anodes working
inside the main portion of the wave will then be taken into
account in the same manner as before, and the smaller
portion of the current wave is so located that no anode will
be carrying such a current at the instant assumed for the
calculations.

Regulation Curve from No Load to Short-circuit.

The regulation curves of several rectifiers are shown in
figure 84. It will be seen that they consist of a number of
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straight lines, each representing a different number of
anodes carrying current simultaneously. The equations
for these lines, which are given in Table VII, are obtained
by substituting the proper values of n, p and « in equation
(34). Transition between sections is accomplished through
the phenomenon of prestarting. Consider a rectifier oper-
ating alternately with » and » — 1 phases. As the load is
decreased, the point at which the phases drop out of the

TaBLeE VII
g G _27,_J
p=2,n=2 \/QE_W[I JK]
G 3V3 J:
p=3n=2 \Tél_i’_2 [l—\/gﬂJ

™
G 3[ J]
3;n =3 —=-—]1—-—
P V2E 2« J

K

q 3 J

p-—ﬁ,n—? V'EE ;[I_GJ——K]
¢ V7 6 J

=06,n =3 —_— =—1 - —
p=mn V2E W[ K}

p==06n=4 i=i1—9[l——§~—£]

=6n=5 -— = [1—7—;}
r VeE  10r V31Jk

y =6, n =6 ¢ —ﬁ—[l—i]
P =Y =0 \/QE_SW

conducting group will advance in time. Soon the condition
will be reached where the induced voltage of the incoming
phase is less than the average of the remainder of the group
after the outgoing phase has been dropped. Under these
conditions the incoming phase will lose some of the current
it has acquired, and then regain it as its potential increases.
If the load be further decreased, the incoming anode will
finally lose so much current that the wave will be depressed
to zero before commencing to increase again. This is the
transition point. For higher loads, operation is with n
and n — 1 anodes. For lower loads, the current wave will
consist of two portions, and the regulation curve is that
corresponding to operation with n — 1 and n — 2 anodes.



150 MERCURY ARC RECTIFIERS AND THEIR CIRCUITS

With only one and two anodes operating simultaneously,
it would appear that equation (34) might not be applicable
because of the period in which the current is held at a
constant value by the direct-current choke. This is
not so, however, for the choke holds the current constant
by means of a voltage which it supplies, and this is part
of the ripple voltage which is fully considered in the
calculations. Therefore, the expressions derived by special
means for this limited case should be the same as those
given by the more general equation, and this is true.

Alternate Solution for Regulation Curves.

The straight-line regulation curves given by equation
(34) can also be derived graphically by making use of the
observation that the ripple currents can be dropped if

. 27 .
measurements are made at intervals of ; from a time when

the ripple current was zero as it is at the instant when
current starts to an anode. Equation (34) was worked
out by adding 7,, i;, etc., representing the various anode
currents at one instant. The same result would have
followed had all the values of one anode current for intervals

of 2;” been added. One anode current without the ripple

component is the sum of two factors, as shown in figure 82.
Figure 85 shows the two components drawn to a larger
scale with the slope of the current due to counter electro-
motive force reversed so that the points of intersection
will represent points of zero anode current and the differ-

2r . .
ence at — intervals will represent anode current. The

various times when current can start, as determined in
Table VI, are indicated at a1, a2 . . . Suppose i3 =

G .
b, the current due to counter electromotive force, be

drawn through 7., the alternating component, at a, cor-
responding to two anodes carrying current when a third
cuts in. The output voltage is inherent in the slope of the
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line 7. The current J is the sum of j; which is zero and
. . . 2
j2 and 7 measured at intervals of % from a.. From the

diagram, j, and j, will increase linearly as G is reduced.
A straight-line regulation must then exist, the equation
for which can be deduced by evaluating the graphic solu-
tion. Similarly a new line 7, can be drawn intersecting
1. at one of the other possible current starting points a,;

. . . 2r .
m different values of j measured at intervals of ; will then

increase linearly with decrease of G and a corresponding
straight line will result. The straight lines obtained will,

//'-\\\
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Fieure 835.

of course, be the same straight lines given by equation
(34). Since by inspection the lines are straight, they can
be obtained by scaling an accurate drawing for two
arbitrary points or by calculating two arbitrary points
from the geometry of the figure. These straight lines are
indefinite in extent but at any load the line giving the
highest output voltage will be the one to be considered.

Correction for Arc-drop and Resistance Losses.

Since the arc-drop has been found to be substantially
constant, it may be considered to have the effect of a
steady voltage on the secondary windings while they are
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carrying current, and by deducting the arc-drop from the
output voltage, a correction of the latter for the error due
to this cause is easily obtained. The error caused by
neglecting the resistance of the transformer windings is not
so readily eliminated, for the resistance losses cause a
change in the wave shapes which cannot be explained by
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Fircvre 86.—Experimental regulation curve of a six-phase rectifier circuit
with reactances in the anode leads. Calculated short-circuit output current,
neglecting arc-drop and resistance losses, 152.6 amperes. Secondary voltage,
110. Dotted line shows calculated output voltage.

considering the voltage drops as part of another simple
voltage. A correction which is quite satisfactory in most
cases, however, consists of the calculation of all the resist-
ance losses and the reduction of the output voltage by an
amount equal to this loss divided by the output current.
This method would be absolutely accurate if sine waves
of current at unity power factor were carried by the
transformer, for the wave shapes would then be unaffected
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by the resistance; the relative magnitudes alone suffering
from the effect of the resistance.

Figure 86 shows calculated and experimental regulation
curves for a small six-phase rectifier with reactance lumped
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Ficure 87.—Experimental regulation curve of a double three-phase rectifier
with reactances in the anode leads. Calculated short-circuit output current,
neglecting arc-drop and resistance losses, 152.6 amperes. Seccondary voltage,
110. Dotted line shows calculated output voltage.

in the anode leads. The calculated curve is corrected for
resistance and arc-drop losses. Figure 87 shows similar
curves for operation of a double three-phase rectifier
circuit using the same reactances.



CHAPTER X

REGULATION OF DOUBLE THREE-PHASE RECTIFIERS
WITH REACTANCE IN THE PRIMARIES OR
SUPPLY LINES

If two three-phase rectifiers are combined to make a
double three-phase rectifier, the regulation will not be
changed for the case where all the reactance may be con-
sidered as in the anode leads. For the more usual case,
however, in which the reactance is in the transformer
primaries or supply lines the initial slope of the regulation
curve is halved when the output current is expressed in
terms of the nominal short-circuit current because the
coupling between phases which exists under the conditions
of a polyphase alternating-current short-circuit is avoided
by the commutating currents. Hence, they meet only one-
half the effective reactance per phase that is presented to
the-currents of a complete short-circuit.

As long as the lap angle u is less than 60 degrees, the total
time during which current flows to one anode is less than
180 degrees, and there will be no time during which the
two anodes fed from the same phase will draw current
simultaneously. As long as this condition is met there will
be no interference between the groups of phases and the
regulation will be given by

_ _ V3
G = G"(] TJk)

for the case where all the reactance is in the primary wind-
ings or supply lines, as indicated in Table Ve.

If the period of commutation is 60 degrees, the period
during which each anode carries a steady current will be
found to be 60 degrees also. Under these circumstances

one phase will be carrying a steady current in one group
154
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while two other phases are being commutated in the second
group; and the phase which is carrying the steady current
is on a different transformer leg from the other two and
can therefore suffer no reactive drop. The potentials of
the idle phases on the same transformer legs as those being
commutated will be affected by the reactive drops, but it
will be found that the resultant potentials must be less
than those of the phases carrying current so that the current
distribution will not be influenced. This point will be
illustrated later when the various wave shapes are
developed.

Voltage Rise under Very Light Loads.

If the load on the rectifier is very light, consisting only of
a voltmeter or some pilot lamps, the output current will be
less than the exciting current of the interphase transformer
and the latter will be unable to hold the two groups in
electrical separation. Operation will then be as a six-phase
rectifier with the exciting reactance of the interphase
transformer slowing the rate of transfer of current between
anodes. An anode carrying current in one group will be
followed by an anode in the other group.

The regulation under these conditions is found by
equation (17) for a six-phase rectifier, adding the exciting
reactance of one-half the interphase transformer to the
reactance of one phase. The exciting reactance is
usually so high by comparison that the line or primary
reactance can be neglected in this calculation.

The resultant rise of voltage under very light loads is
shown by figure 87. Before a 2-ampere output is reached
the voltage has fallen to the normal three-phase value. In
practice it is a simple matter to avoid this unusual potential
by arranging to have some of the auxiliary apparatus always
connected in the output circuit.

Regulation under Very Heavy Loads.

With transformers of normal reactance, full-load current
will be reached with only a relatively small voltage drop.
It is usually found that the range of normal loadings does
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not run to the point where an anode begins to carry current
while the two preceding anodes are still active, or where the
commutation of two anodes affects the voltage of others
which should be carrying current. This makes it a simple
matter to obtain regulation data for ordinary use, as given
in Table Ve. Conditions may arise, however, requiring a
knowledge of the regulation curve well out toward short-
circuit with rectifiers which cannot be treated as though
their reactance were lumped in the anode leads. If only
ordinary short-circuit data are desired, they can usually be
obtained with sufficient accuracy if regulation curves are
available for the cases where the reactance is assumed
lumped in the primary windings or supply lines, even
though it is actually distributed. It may be desired to
build a rectifier with something approaching constant-
current characteristics, and in this case the reactance will
probably be so arranged that it can even more correctly
be considered as though lumped in either the primary
windings or supply lines.

Double Three-phase Rectifier with Primary Reactance.

In dealing with the regulation of rectifiers beyond the
initial straight line the method to be pursued will be first
to explain the wave shapes obtained and then to apply
analytical methods to fix quantitatively the connection
between wave shapes and output current-voltage relations.

Figure 88 shows a double three-phase rectifier with
delta-connected primary, having all the reactance in the
primary windings.

" Under light loads the voltage and current wave shapes
will be as shown in figure 89. If for one group of three
phases the positive direction of voltage is taken as up,
and for the other three the positive direction is taken as
down, all six anode voltages are shown, each trace represent-
ing two. This is possible because all reactive drops are
common to the secondaries which are wound on one leg of
the transformer. This state of affairs does not affect the
regulation, however, for while the voltage of one secondary
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is altered by the commutation of the current in the other
secondary on the same leg, commutation occurs at times
when one secondary is not carrying current. Hence,
under light loads the current wave shapes will not differ
from those obtained with all the reactance lumped in the
secondary windings, and the presence of additional notches
in the potential waves occurring while no current flows
will not affect the output voltage or current.

These conditions will hold until the period of commuta-
tion becomes equal to 60 degrees, as shown in figure 90.
A phase then receives the load current from the preceding
phase in the same group during a 60-degree period of
commutation, carries this current alone for a second period
of 60 degrees, and loses it during another 60-degree period
by transfer to the following phase. Immediately before
any phase starts to carry current, its mate on the same
transformer leg is losing its current by transfer to another
phase, and, therefore, is at a potential higher than its open-
circuit voltage. The potential of the incoming phase is
correspondingly depressed so that not until the instant
that it should begin to carry current does the new phase
acquire a potential equal to that of the phase in the same
group which is already carrying current. Up to this time
its potential has been held down by the commutation of its
mate in the other group and this is not completed until
the instant when the phase under consideration needs the
voltage in order to receive the load.

It is apparent that the above arrangement represents the
greatest load which can be carried without a marked change
in the wave shapes. For smaller loads commutation starts at
the same point in the cycle regardless of load, and the period
of commutation increases with load. The period of commu-
tation cannot very well increase beyond 60 degrees, however,
for this would mean that one phase would have to start
conducting current before its mate in the other group ceased,
and this in turn means that both would have to be simul-
taneously positive, whereas the common inductance makes
the potentials of mate phases equal and opposite. Instead
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FI1GURE 88. Fi1GurE 89.
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F16URES 88 to 94.—Double three-phase circuit with reactance in delta-connected
primaries and resultant wave forms,
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the period of commutation remains fixed at 60 degrees and
for greaterloads a phase does not begin to carry current
until later in the cycle. This angle of delay in starting
increases with the load until it reaches a value of 30 degrees.

Figure 91 shows the voltage and current waves under
this condition. It appears that at two points the voltage
of a conducting phase becomes zero for an instant. At
the same time the potentials of the phases not carrying
current have risen to this value. This sets the limit on
the increase of the angle of delay. It is necessary to look
for still another mechanism to carry the wave shapes to
short-circuit. This is accomplished by holding the angle
at which an anode starts conducting current at the value
given by “figure 91 and making further increases in
load by increasing the period during which an anode carries
current. Two windings on the same transformer leg will
now carry current simultaneously, which is found to be
possible, for a short-circuit ensues during the time the two
windings are simultaneously conducting and all phases
have the same voltage, namely, zero. Figures 92 and 93
indicate the operation under these conditions.

Figure 92 shows the voltage waves at a, the voltages of
phases 4, 6, and 2 being shown reversed for simplicity. The
periods during which the different phases carry current are
indicated by the horizontal lines at b, and the current wave
shape for anode 1 is shown at c.

Figure 93 shows the manner in which the phases are
short-circuited during part of the cycle. Consider a time
just previous to the instant when phase 1 commences to
carry current. Phases 4 and 6 in one group and phase 5
in the other group are conducting current. The potential
of phase 1 is negative, for it is equal and opposite to that
of phase 4 which is carrying current in the other group in
conjunction with phase 6, and the voltage of phases 4
and 6 is positive. As the voltage of phases 4 and 6
falls toward zero, that of phase 1 approaches zero from its
negative value. Phase 5 is positive and also approaching
zero voltage. All the phases reach zero voltage at the same
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instant and this is the time when phase 1 begins to carry
current. With the additional phase carrying current,
the voltages do not change as before but a short-circuit
occurs which allows the entire voltage impressed on the
primary windings to be absorbed by their reactance.

Since only two phases in each group are conducting
current during the short-circuit, it is not immediately
apparent that this short-circuit is complete. Figure 93
explains this point. Phases 5, 4, and 6 are secondaries of
all three primary windings and, if these three phases are
allowed to carry unrestricted currents, the short-circuit
certainly exists. Before phase 1 becomes conducting, the
current to phase 5 cannot change because of the inductance
in load and interphase transformer. As soon as phase 1
becomes conducting, however, the variable portion of the
current which leaves anode 5 may be considered to enter
phase 1 with an equal and opposite current to that enter-
ing phase 4, in addition to its normal current. This
extra current meets no impedance because the equal
changes in phases 1 and 4 neutralize each other and do not
flow in the primary. In the right-hand group the follow-
ing currents may then be considered as flowing through
the three windings: the normal short-circuit current of
phase 6, the normal short-circuit current of phase 4, and
the normal short-circuit current of phase 5 reversed, enter-
ing through phase 4. These three variable currents will
be in addition to steady currents carried by the windings.
They will be 120 degrees apart in phase and their sum will
be constant, a requirement which must be met on account
of the direct-current choke system. In the left-hand group,
phase 1 will carry the variable current of phase 5 reversed,
thus making the sum of the currents in this group constant.

The short-circuit will last until the variable current in
some anode cuts the total current of that anode to zero by
becoming equal in value to the steady current and of
opposite sign. This anode will then cease to carry cur-
rent, and the complete short-circuit will be interrupted.
Since anode 1 enters the conducting group with no steady
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current, it is necessary that the variable current to be
carried by it is not decreasing in value at this time. It is
interesting to notice that the current of phase 5 reaches a
maximum and reverses its rate of change at the time phase
1 becomes conducting, and that this allows the current in
phase 1 to be an increasing current.

As the direct current in the output circuit increases, the
periods of temporary short-circuit gradually increase until
finally there is no output voltage and a continuous short-
circuit prevails. The anode-current waves will then be as
shown in figure 94. Current flows for 240 degrees, and
the wave may be divided into four 60-degree sections,
each representing portions of sine waves of equal magni-
tude, these portions always lying between the maximum or
minimum value and 60 degrees to one side. Other wave
shapes might be shown which satisfy the requirements at
short-circuit, because, as the secondaries have no reactance
or resistance, there is in theory nothing to fix the current
definitely. The wave shape shown in figure 94, however,
is the limit approached as the load approaches short-circuit,
and is therefore the correct one. This point is covered by
actual test in the oscillogram shown in figure 105.

Double Three-phase Rectifier with Line Reactance.

Two other rectifier circuits give the same wave forms as
those just discussed. One of these is shown in figure 95.
In this case the reactance is in the supply lines instead of
in the primary windings. The commutating currents are
shown in figure 95, and it is seen that commutation of
current between two phases affects the voltages of only
those phases and the two on the same transformer legs,
as in the primary-reactance case. The voltages of the
other two phases are not disturbed. In addition, the
voltages of the phases which are affected will be found to
be the average as before. The secondary voltage and
current waves will, therefore, be the same as those already
discussed until the case where temporary short-circuits
occur. In this case, also, the short-circuit currents will
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be found to have the same phase relations and the correct
magnitude, so that the similarity holds throughout the
entire range. Proof that the relative magnitudes of the
currents are correct will be deferred until the calculation
of the regulation curves.

1 6
N1
52
3 4
Ficure 95.

Double Three-phase Rectifier with Transformer Having
Y-connected Primary Containing the Reactance and
Impedanceless Tertiary Winding.

This is the third case which gives the same wave forms.
The arrangement of the circuit is shown in figure 96.
Commutation is accomplished by a current flowing in the
windings to be commutated and equivalent and opposite

oa

FiGure 96.

currents flowing in the corresponding primary windings.
The voltage of the phases on the third transformer leg is
not disturbed. The short-circuit currents will have the
same phase as before. The magnitudes of all the currents
for the three different cases will be calculated later and
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shown to be equal when expressed in terms of the short-
circuit current on the usual alternating-current load. This
means that all three cases will have the same regulation
curve.

It will be noticed that in this case the tertiary winding
does not carry any current. It, therefore, has no function
except that of circulating the third harmonic of the exciting
current of the transformers, a service required wherever
Y-connected primaries are to be used without distortion
of the secondary voltage waves.

Calculation of Regulation Curve of Double Three-phase
Rectifier with Primary Reactance.

The direct output voltage at no load, as given by equation
(6), is

™

3

The regulation curve starts as a straight line and con-
tinues as such until the period of commutation is 60 degrees.
At this point, the output voltage is three-fourths of its
no-load value, for, by inspection of figure 90, it is seen
that the potential of a group while two phases are being
commutated is one-half the potential of the group 60 degrees
later when the current is carried by a single phase. This
results in the average value given. At this point, then

Throughout this section of the curve, the impedance

G, = V2E, g’ sin 0.8271/2E,. (35)

. . E)\?
presented to the commutating currentsis2X, <E2> where X,
1

is the reactance in each primary circuit, ¥, is the nominal
primary voltage, and E, is the nominal voltage of each
secondary. The commutating voltage is /3E; and the
output current per group can be determined by finding the
current which is commutated by this voltage in the 60-
degree interval. It is

Ly, = Y2V3E, <EJ>2 (sin 90° — sin 30°) = Y3E'
2 2X, 2V2X \E,

E,
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where J, is the total output current at this point.
Therefore,

V3 R
T V2 X\E,

Figure 90, while primarily representing conditions at the
end of the first straight-line section of the regulation curve,
must also indicate the wave shapes at the start of the next
section which will be shown to be elliptical. Figure 91
shows the conditions at the end of this section. It will be
noticed that throughout the section the voltage wave of
each group may be divided into 60-degree intervals, and
that the wave shape is the same in each interval except
that it has twice the magnitude in those intervals which
represent conduction by one anode that it has in those
intervals representing conduction by two anodes.

Let ¢ be the angle of delay in the starting of any anode
referred to the conditions in figure 90. This angle will then
be zero in figure 90, and by the time the load has increased
to give the conditions shown in figure 91 it will have attained
a value of 30 degrees. The direct voltage will be three-
fourths of the average value of the instantaneous voltage
over one of the 60-degree periods when only one anode is
carrying current or

_ ¢ +60°
G = g-gx/QEQf cos 6dé,
™ b

J (37)

= 9%222 {sin (¢ + 60°) — sin ¢}
™

_9V2E, (3 1)

= = i——2 cos ¢ + 5sin ¢ —sin ¢

- 9—‘%2& cos (30° + @). (38)
™

The current per group can be determined in the same
manner as before if allowance is made for the difference in
phase of the commutating voltage. It will be

J _ NV2V3E, (BN _ .
5——2)(?‘(@2){0%(# cos (¢ + 60°)}
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= i;;éiilg {cos ¢ — ; cos ¢ +—\2£§sin ¢ ],
= 3/2;(/1—3;‘2 sin (30° + ¢).
And the output current will be
J = YAVBEE o a0 4 g). (39)

X E,

Since J and G are, respectively, sine and cosine functions
of the same variable, this section will be elliptical. The axes
of the ellipse correspond to the J and G axes, and their half
lengths are
V2+3E, ? and 9v2E,
X1E2 47!'

It has been seen that, in the third and final section of
the regulation curve, the current always starts to flow at the
same point in the cycle but continues for a longer time as
the load is increased. This increase in period of flow results
in recurring temporary short-circuits. Let the duration of
these short-circuit periods be represented by the angle
(60° — y) which makes the lengths of the unaffected periods
equal to y. The voltage wave forms are indicated in figure
92 and are the same as those shown 1n figure 91 representing
the end of the elliptical section except that now there is
no voltage during the periods of temporary short-circuit.
The output voltage will be given by

v
3ﬂl§f sin #df = 9;4/2& (1 — cos y). (40)
JO ™

™

» respectively.

_3.
4

The output current can be determined by calculating the
value of the anode current at an instant when one anode is
carrying the entire current for the group in which it is
located. In figure 92¢ this time in indicated by the flat
spot on the top of the current wave. This wave is for
anode 1 and before the portion under discussion is reached,
the anode passes through two temporary short-circuits and
one period during which it operates in parallel with anode
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5. During the first temporary short-circuit it carries the
full short-circuit current of anode 5 reversed and thereby

. . 2E? . o .

receives an increment of V2E? {sin 90° — sin (30" + ¢) }.
X.\E; J

During the second short-circuit period it carries its own

short-circuit current. This increases it by

‘fﬁf {sin (90° — y) — sin 30°}-
In the interval between these two temporary complete
short-circuits it is operating in parallel with phase 5 and the
increment during this period is due to the interchange of
current between phases 1 and 5. The voltage per phase
available for this interchange is half the voltage between

V3 . . .
phases, or TEQ, and it has a maximum instantaneous

value at the close of the period. The increase in anode
current during this period is, therefore,

V3V2E 2
oX,E, Y
Adding these three increments together results in
J_\/QEl‘-’f_. o 1 V3o
2~ X.E, {Ll sin (30° + ¢) + cosy §+Tsm¢f’
V2E2 (11 W
= Yy = — S M
X.E (2 T2
or
_ V2Ep :
J = XIET{l + cos ¢} (41)

Examination of equations (40) and (41) indicates that
the final section of the regulation curve is a straight line
since both G and J are linear functions of cos y.

The complete regulation curve is shown in figure 97.
The currents are expressed in terms of J, where J is the
nominal short-circuit output current defined as /2plx
and I, is the alternating short-circuit current of each
secondary winding with a short-circuit involving all phases.
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