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PREFACE TO SECOND EDITION

In the years since the first edition of this book was published, several
new developments have taken place. This second edition encompasses
such new material as will afford acquaintance with advances in the art.
Some old topies which were inadequately presented have received fuller
treatment. Several sections, especially those on electronic amplifiers and
wave filters, have been deleted because more thorough treatments of
these subjects are available in current literature. Thus the original ob-
jectives of a useful book on eclectronic transformers and related devices,
with & minimum of unnecessary material, have been pursued in the sec-
ond edition. Wherever the old material appeared adequate, it has been
left unchanged, and the general arrangement is still the same, except for
the addition of new Chapters 9 and 11. More information in chart
form, but few mathematical proofs, are included.

In a book of general coverage, there is room only for a brief treatment
of any phase of the subject. Thus the new chapter on magnetic ampli-
fiers is a condensed outline of the more common components and circuits
of this rapidly growing field. It is hoped that this chapter will be helpful
as a general introduction to circuit and transformer designers alike. Re-
cent circuit developments are reported in the AIEE Transactions.

In response to inquiry it should be stated that, where a mathematical
basis is given, graphical performance is always calculated. There has
been good general correspondence between the graphs and experimental
tests. This correspondence is quite close in all cases except pulse trans-
formers; for these, the graphs presented in this book predict wave shape
with fair acecuracy, but to predict exactly all the superposed ripples
would be impracticable. This is pointed out in Chapter 10.

Although technical words usually have the same meaning as in the
first edition, there are scveral new magnetic terms in the second edition.
These terms conform with ASTM Standard A127-48.

Pascal said that an author should always use the word “our’” rather
than “my” in referring to his work, because there is in it usually more
of other people’s than his own. Never was this more true than of the
present volume. Acknowledgment is due many Westinghouse engineers,
especially R. M. Baker, L. F. Deise, H. L. Jessup, J. W. Ogden, G. F.
Pittman, R. A. Ramey, T. F. Saffold, and D. S. Stephens, all of whom
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vi PREFACE TO SECOND EDITION

assisted immeasurably by their constructive comments on the manu-
script. D. G. Little’s continued interest was most encouraging.

Helpful comment has been received from men outside Westinghouse.
Mr. P. Fenoglio of the General Electric Co. kindly pointed out an omis-
sion in the first edition. Output wave shapes given for the front or
leading edge of a pulse transformer were accurate for a hard-tube modu-
lator, but not for a line-type modulator. The missing information is
included in the second edition.

Finally, to my wife Margaret, my heartfelt thanks not only for her
understanding of the long disruption of normal social life but also for

her patience in checking proofs.
REuBEN LEE
Baltimore, Maryland
August, 1956
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PREFACE TO FIRST EDITION

The purpose of this book is twofold: first, to provide a reference book
on the design of transformers for electronic apparatus and, second, to
furnish electronic equipment engineers with an understanding of the
effects of transformer characteristics on electronic circuits. Familiarity
with basie circuit theory and transformer principles is assumed. Con-
ventional transformer design is treated adequately in existing books, so
only such phases of it as are pertinent to electronic transformers are in-
cluded here. The same can be said of circuit theory; only that which is
necessary to an understanding of transformer operation is given. It is
intended that in this way the book will be encumbered with a minimum
of unnecessary material. Mathematical proofs as such are kept to a
minimum, but the bases for quantitative results are indicated. The
ALE.E. “American Standard Definitions of Electrical Terms” gives the
meaning of technical words used. Circuit symbols conform to A.S.A.
Standards Z32.5—1944 and Z32.10—1944.

Chapter headings, except for the first two, are related to general types
of apparatus. This arrangement should make the book more useful.
Design data are included which would make tedious reading if grouped
together. For instance, the design of an inductor depends on whether
it is for power or wave filter work, and the factors peculiar to each are
best studied in connection with their respective apparatus.

Parts of the book are based on material already published in the Pro-
ceedings of the Institule of Radio Engineers, Electronics, and Communica-
tions. Much of it leans heavily upon work done by fellow engineers of
the Westinghouse Electric Corporation, the warmth of whose friend-
ship I am privileged to enjoy. To list all their names would be a difficult
and inadequate expression of gratitude, but I should be guilty of a gross
omission if I did not mention the encouragement given me by Mr.
D. G. Little, at whose suggestion this book was written.

R. L.

July 1947
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Page numbers are those on which the corresponding symbol first
appears. A symbol formed from one of the tabulated letters, with a
subseript or prime added, is not listed unless it is frequently and prom-
inently used in the book. Sometimes the same symbol denotes more
than one property; the meaning is then determined by the context.
Units are given wherever symbols are used. Small letters indicate in-
stantaneous or varying electrical quantities, and capital letters indicate
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Coil radius, 228

Coil winding height, 75

Ny/Ny, 147

Area, 172

Core area, 10

Ripple amplitude, 114

Winding traverse, 76

X¢/Ry at frequency f,, 150

Core flux density, 10

Maximum operating flux density, 23, 97

Residual flux density, 23

Insulation thickness, 75

Specific heat, 57

Capacitance, 64

Primary capacitance, 147

Secondary capacitance, 147

Effective capacitance, 172

Capacitance of winding to ground, 245

Capacitance across winding, 245

Core tongue width, 38

Toroid diameter, 288

Winding height, 38

Xc¢/R2 at frequency fr, 159

Voltage (instantaneous value), 5

Alternating grid voltage, 141

Alternating plate voltage, 141
xm
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I Emissivity, 57

E Voltage (effective value), 6

Ejg Plate voltage, 141

E, Output voltage, 178

E, Primary voltage, 7

I, Secondary voltage, 7

Iy Secondary no-load voltage, 7

I, Secondary full-load voltage, 7

Epy Peak value of alternating voltage, 111
Ey. D-c voltage, 111

E, Voltage at top of pulse, 295

f Frequency, 6

fm Midband frequency, 190

fr Resonance frequency, 150

fe Cut-off frequency, 185

fO ) Function of, 114

F Factor, 230

Gm Mutual conductance, 144

G Gap loss constant, 191

H Magnetizing force, 10

H, Coercive force, 23

1 Current (instantaneous value), 10

I, |I|, I.ms Current (effective value), 6, 15

T4 Direct component of current, 16

1, Ix Peak value of current, 16, 66

I , Toy Average value of current, 15, 66

Ip, Ip Plate current (d-c), 142

I Load current, 7

Ig Loss component of exciting current, 10
In Magnetizing current, 9

Iy Exciting current, 9

Ig Grid current (d-c), 142

J 4/ —1 (vector operator), 146

J Low-frequency permeability/pulse permeability, 335
k Thermal conductivity, 57

k Coefficient of coupling, 225

k 14 ratio of impedance/circuit resistance = +/L/C/2R, 104
K Constant, 82

le Mean length of core (or magnetic path), 10

Air gap, 88
Inductance, 90
¢ Open-circuit inductance (OCL), 26
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LIST OF SYMBOLS

Short-circuit inductance, 76

Mutual inductance, 224

Decrement, 104

Order of harmonic, 114

Modulation factor, 16

Mean turn length, 38

Number (e.g., of anodes), 76

Turns, 5

Primary turns, 5

Secondary turns, 5

Number of layers (of wire in coil), 173

Open-circuit inductance, 106

Density, 26

Ratio of voltages (in autotransformer), 250

Rectifier ripple frequency/line frequency (number of
phases), 113

Volt-amperes per pound, 26

Core loss, 26

Ripple amplitude/Ey, (in rectifier), 114

Ripple amplitude/FEy, (across load), 114

Pulse forming network, 332

Pulse repetition frequency, 338

wL/R = coil reactance/coil a-c resistance, 106

Radius, 38

Equivalent radius, 57

Plate resistance, 144

Resistance, 6

Source resistance, 146

Load resistance, 146

Load resistance, 8

Equivalent core-loss (shunt) resistance, 8

Secondary winding, 71

Core window width, 102

Time (independent variable), 5

Thickness of insulation, 172

Period of a wave, 15

27/ L,Cy (undamped period of oscillatory wave), 295

Commutation voltage, 120

Volume (of core), 91

Core-stacking dimension, 38

Gap loss, 191

Core loss, 82
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Copper loss, 82

Reactance, 6

Open-circuit reactance = 2xfL,, 9
Capacitive reactance = 1/(2xfC), 112
Inductive reactance = 2xfL, 112
Impedance, 8

Source impedance, 141

Load impedance, 141

Characteristic impedance, 145

Amplifier gain, 174

VC,/C,, 245

Damping factor, 319

Feedback constant, 178

Natural angular frequency, 304
Small interval of time, 15

Increment (e.g., of flux), 25

Exciting current/load current, 299
Base of natural logarithms (= 2.718), 57
Dielectrie constant of insulation, 172
Efficiency, 14

Temperature, 57

Phase angle, 120

Amplification factor, 141
Permeability, 24

Incremental permeability, 25

3.1416, 6

Phase angle, 195

Flux (varying), 6

Peak value of flux, 6

Summation (of a series of elements), 38
Pulse duration, 298

2xf (angular frequency), 6




1. INTRODUCTION

1. What Is a Transformer? In its most elementary form, a trans-
former consists of two coils wound of wire and inductively coupled to
each other. When alternating current at a given frequency flows in
either coil, an alternating voltage of the same frequency is induced
in the other coil. The value of this voltage depends on the degree
of coupling and the flux linkages in the two coils. The coil connected
to a source of alternating voltage is usually called the primary coil,
and the voltage across this coil is the primary voltage. Voltage in-
duced in the secondary coil may be greater than or less than the pri-
mary voltage, depending on the ratio of primary to secondary turns.
A transformer is termed a step-up or a step-down transformer accord-
ingly.

Most transformers have stationary iron cores, around which the
primary and secondary coils are placed. Because of the high perme-
ability of iron, most of the flux is confined to the core, and a greater
degree of coupling between the coils is thereby obtained. So tight is
the coupling between the coils in some transformers that the primary
and secondary voltages bear almost exactly the same ratio to each
other as the turns in the respective coils or windings. Thus the turns
ratio of a transformer is a common index of its function in raising or
lowering voltage. This function makes the transformer an important
adjunct of modern electrical power systems. Raising the voltage
makes possible the economical transmission of power over long dis-
tances; lowering the voltage again makes this power available in use-
ful form. It is safe to say that, without transformers, modern industry
could not have reached its present state of development.

2. Electronic Transformers. Although no exact line of demarcation
can be drawn between power transformers and electronic transformers,
in general electronic transformers are smaller. The source of power
on a 60-cycle network is extremely large and may be the combined
generating capacity of half a continent. Power in electronic equipment
is limited to the capabilitics of electron tubes, of which even the largest
is small compared to a power station generator.

1



2 ELECTRONIC TRANSFORMERS AND CIRCUITS

Transformers are needed in electronic apparatus to provide the
different values of plate, filament, and bias voltage required for proper
tube operation, to insulate circuits from each other, to furnish high
impedance to alternating but low impedance to direct current, and to
maintain or modify wave shape and frequency response at different
potentials. The very concept of impedance, so characteristic of elec-
tronics, almost necessarily presupposes a means of changing from one
impedance level to another, and that means is commonly a trans-
former.

Impedance levels are usually higher in electronie, as compared with
power, equipment. Consider the connected kva on an 11,000-volt power
line; it may easily total 1,000,000. Compare this with a large broad-
cast transmitter operating at the same voltage and drawing 70 kva.
The currents in the two cases are 90,000 amp and 6 amp, respectively.
For the power line, the load impedance is 11,000/90,000, or slightly
more than 0.1 ohm; for the transmitter it is 11,000/6, or nearly 2,000
ohms. Source impedances are approximately proportional to these
load impedances. In low-power electronic circuits the source imped-
ance often exceeds the load impedance and influences the transformer
performance even further.

Weight and space are usually at a premium in electronic equipment,
and reliability is of paramount importance. Transformers account
for a considerable portion of the weight and space, and form a prime
component of the reliability.

These and other differences of application render many power trans-
formers unsuitable for electronic circuit use. The design, construc-
tion, and testing of electronic transformers have become separate arts,
directed toward the most effective use of materials for electronic
applications.

3. New Materials. Like all electronic apparatus, transformers are
subject to continual change. This is especially so since the introduc-
tion of new materials such as

(a) Grain-oriented core steel.

(b) Solventless impregnating varnish.
(¢) Inorganic insulating tape.

(d) Improved wire enamel.

(e) Low-loss, powdered iron cores.
(f) Ferrite cores.

Through the application of these materials, it has been possible to
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(a) Reduce the size of audio and power transformers and reactors.

(b) Increase the usefulness of saturable reactors as magnetic ampli-
fiers.

(¢) Reduce the size of high-voltage units.

(d) Design filters and reactors having sharper cut-off and higher
} than previously was thought possible.

(e} Make efficient transformers for the non-sinusoidal wave shapes
such as are encountered in pulse, video, and sweep amplifiers.

(f) Extend the upper operating frequency of transformers into the
high-frequency r-f range.

Occasionally someone asks why electronic transformers cannot be
designed according to curves or charts showing the relation between
volts, turns, wire size, and power rating. Such curves are very useful
in designing the simpler transformers. However, this idea has not been
found universally practicable for the following reasons:

(a) Regulation. This property is rarely negligible in electronic
circuits. It often requires care and thought to use the most advan-
tageous winding arrangement in order to obtain the proper IX and
IR voltage drops. Sometimes the size is dictated by such consider-
ations.

(b) Frequency Range. The low-frequency end of a wideband
transformer operating range in a given circuit is determined by the
transformer open-circuit inductance. The high-frequency end is gov-
erned by the leakage inductance and distributed capacitance. Jug-
gling the various factors, such as core size, number of turns, interleav-
ing, and insulation, in order to obtain the optimum design constitutes
a technical problem too complex to solve on charts.

(¢} Voltage. It would be exceedingly difficult, if not impossible, to
reduce to chart form the use of high voltages in the restricted space of
a transformer. Circuit considerations are very important here, and
the transformer designer must be thoroughly familiar with the func-
tioning of the transformer to insure reliable operation, low cost, and
small dimensions.

(d) Size. Much electronic equipment is cramped for space, and,
since transformers often constitute the largest items in the equipment,
it is imperative that they, too, be of small size. An open-minded atti-
tude toward this condition and good judgment may make it possible
to meet the requirements which otherwise might not be fulfilled. New
materials, too, can be instrumental in reducing size, sometimes down
to a small fraction of former size.

In succeeding chapters the foregoing considerations will be applied
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to the performance and design of several general types of electronic
transformers. The remainder of this chapter is a brief review of
fundamental transformer principles. Only iron-core transformers with
closed magnetic paths are considered in this introduction. Air-core
transformers, with or without slugs of powdered iron, are discussed
in a later chapter on high-frequency transformers. Most transformers
operate at power frequencies; it is therefore logical to begin with low-
frequency principles. These principles are modified for other condi-
tions in later chapters.

COIL FORM

PRIMARY WINDING~ -

SECONDARY

WINDING CORE

LAMINATIONS

Fic. 1. Transformer coil and core.

A simple transformer coil and core arrangement is shown in Fig. 1.
The primary and secondary coils are wound one over the other on an
insulating coil tube or form. The core is laminated to reduce losses.
Flux flows in the core along the path indicated, so that all the core
flux threads through or links both windings. In a circuit diagram

the transformer is represented by the

| —=  circuit symbol of Fig. 2.
PRIMARY SECONDARY 4, Transformer Fundamentals. The
WINDING WINDING simple transformer of Fig. 2 has two
windings. The left-hand winding is as-

Fig. 2. Simple transformer. sumed to be connected to a voltage

source and is called the primary winding.
The right-hand winding is connected to a load and is called the sec-
ondary. The transformer merely delivers to the load a voltage similar
to that impressed across its primary, except that it may be smaller or
greater in amplitude.

In order for a transformer to perform this function, the voltage across
it must vary with respect to time. A d-c¢ voltage such as that of a
storage battery produces no voltage in the secondary winding or power
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in the load. If both varying and d-c voltages are impressed across the
primary, only the varying part is delivered to the load. This comes
about because the voltage e in the secondary is induced in that winding
by the core flux ¢ according to the law
N de g
e 7 X 10 (1)

This law may be stated in words as follows: The voltage induced in a
coil is proportional to the number of turns and to the time rate of
change of magnetic flux in the coil. This rate of change of flux may
be large or small. For a given voltage, if the rate of change of flux is
small, many turns must be used. Conversely, if a small number of
turns is used, a large rate of change of flux is necessary to produce a
given voltage. The rate of change of flux can be made large in two
ways, by increasing the maximum value of flux and by decreasing the
period of time over which the flux change takes place. At low fre-
quencies, the flux changes over a relatively large interval of time, and
therefore a large number of turns is required for a given voltage, even
though moderatcly large fluxes are used. As the frequency increases,
the time interval between voltage changes is decreased, and for a given
flux fewer turns are needed to produce a given voltage. And so it is
that low-frequency transformers are characterized by the use of a
large number of turns, whereas high-frequency transformers have but
few turns.

If the flux ¢ did not vary with time, the induced voltage would be
zero. Equation 1 is thus the fundamental transformer equation. The
voltage variation with time may be of any kind: sinusoidal, exponen-
tial, sawtooth, or impulse. The essential condition for inducing a
voltage in the secondary is that there be a flux variation. Only that
part of the flux which links both coils induces a secondary voltage.

In equation 1, if ¢ denotes mazwells of flux and ¢ time in seconds, e
denotes volts induced.

If all the flux links both windings, equation 1 shows that equal volts
per turn are induced in the primary and secondary, or

er Ny

€2 B A_72 @

where e; = primary voltage

e; = secondary voltage
N, = primary turns
N, = secondary turns.
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5. Sinusoidal Voltage. If the flux variation is sinusoidal,
¢ = Dpax SIn wi

where ®pmax is the peak value of flux, w is angular frequency, and ¢ is
time. Equation 1 becomes

e = —N®pexw cos wt X 1078 3)

or the induced voltage also is sinusoidal. This voltage has an effective

value
E = 0.707 X 27fN ®pax X 1078

= 444fN &, X 1078 “)

where f is the frequency of the sine wave. Equation 4 is the relation
between voltage and flux for sinusoidal voltage.

Sufficient current is drawn by the primary winding to produce the
flux required to maintain the winding voltage. The primary tnduced
voltage in an unloaded transformer is just enough lower than the
impressed voltage to allow this current to flow into the primary wind-
ing. If a load is connected across the secondary terminals, the pri-
mary induced voltage decreases further, tc allow more current to flow
into the winding in order that there may be a load current. Thus the
primary of a loaded transformer carries both an exciting current and a
load current, but only the load part is transformed into secondary
load current.

Primary induced voltage would exactly equal primary impressed
voltage if there were no resistance and reactance in the winding. Pri-
mary current flowing through the winding causes a voltage drop IR,
the product of primary current I and winding resistance R. The wind-
ing also presents a reactance X which causes an IX drop. Reactance
X is caused by the leakage flux or flux which does not link both primary
and secondary windings. There is at least a small percentage of the
flux which is not common to both windings. Leakage flux flows in the
air spaces adjacent to the windings. Because the primary turns link
leakage flux an inductance is thereby introduced into the winding,
producing leakage reactance X at the line frequency. The larger the
primary current, the greater the leakage flux, and the greater the react-
ance drop IX. Thus the leakage reactance drop is a series effect, pro-
portional to primary current.

6. Equivalent Circuit and Vector Diagram. For purposes of analysis
the transformer may be represented by a 1:1 turns-ratio equivalent
circurt. This circuit is based on the following assumptions:



INTRODUCTION 7

(a) Primary and secondary turns are equal in number. One wind-
ing is chosen as the reference winding; the other is the referred wind-
ing. The voltage in the referred winding is multiplied by the actual
turns ratio after it is computed from the equivalent ecircuit. The
choice between primary and secondary for the reference winding is a
matter of convenience.

(b) Core loss may be represented by a resistance across the termi-
nals of the reference winding.

(¢) Core flux reactance may be represented by a reactance across
the terminals of the reference winding.

(d) Primary and secondary IR and IX voltage drops may be
lumped together; the voltage drops in the referred winding are multi-
plied by a factor derived at the end of this section, to give them the
correct equivalent value.

(e) Equivalent reactances and resistances are linear.

As will be shown later, some of these assumptions are approximate,
and the analysis based on them is only accurate so far as the assump-
tions are justified. With proper attention to this fact, practical use
can be made of the equivalent circuit.

With many sine-wave electronic transformers, the transformer load
is resistive. A tube filament heating load, for example, has 100 per
cent power factor. Under this condition the relations between voltages
and currents become appreciably simplified in comparison with the
same relations for reactive loads. In what follows, the secondary
winding will be chosen as the reference winding. At low frequencies
such a transformer may be represented by Fig. 3(a). The transformer
equivalent circuit is approximated by Fig. 3(b), and its vector dia-
gram for 100 per cent p-f load by Fig. 3(c). Secondary load voltage
E, and load current I, are in phase. Secondary induced voltage Eg
is greater than E;, because it must compensate for the winding resist-
ances and leakage reactances. The winding resistance and leakage
reactance voltage drops are shown in Fig. 3(c) as IR and IX, which are
respectively in phase and in quadrature with I, and ;. These voltage
drops are the sum of secondary and primary winding voltage drops,
but the primary values are multiplied by a factor to be derived
later. If voltage drops and losses are temporarily forgotten, the same
power is delivered to the load as is taken from the line. Let subscripts
1 and 2 denote the respective primary and secondary quantities.

EIII = Ez[z (5>
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f

N N2 EL

I —

(a)

T x R ) T Eg
Ie X

E X R R. E > >
s N E L EL \ I, EL IR

| R

(b) (¢)

Fie. 3. (a) Transformer with resistive load; (b) equivalent circuit; (¢) vector

diagram.
E I

or 12 (6)
E2 Il

so that the voltages are inversely proportional to the currents. Also,
from equation 2, they are directly proportional to their respective turns.

E, N

E, N,
Now the transformer may be replaced by an impedance Z, drawing the
same current from the line, so that

[1 =E1/Z1

(20)

Likewise
I, = E;/Z,

where Z, is the secondary load impedance, in this case Rz. If these
expressions for current are substituted in equation 6,

2 G- @
Zy  \E) \N,

Equation 7 is strictly true only for negligible voltage drops and
losses. It is approximately true for voltage drops up to about 10 per
cent of the winding voltage or for losses less than 20 per cent of the
power delivered, but it is not true when the voltage drops approach
in value the winding voltage or when the losses constitute most of the

primary load.
Not only does the load impedance bear the relation of equation 7
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to the cquivalent primary load impedance; the winding reactance and
resistance may also be referred from one winding to the other by the
same ratio. This can be seen if the secondary winding resistance and
reactance are considered part of the load, across which the secondary
induced voltage Eg appears. Thus the factor by which the primary
reactance and resistance are multiplied, to refer them to the secondary
for addition to the secondary drops, is (No/N1)2. If the primary had
been the reference winding, the secondary reactance and resistance
would have been multiplied by (N1/N2)2.

In Fig. 3(c) the IR voltage drop subtracts directly from the terminal
voltage across the resistive load, but the IX drop makes virtually no
difference. How much the IX drop may be before it becomes appreci-
able is shown in Fig. 4. If the IX drop is 30 per cent of the induced
voltage, 4 per cent reduction in load
voltage results; 15 per cent IX drop I
causes but 1 per cent reduction.

7. Magnetizing Current. In addi-
tion to the current entering the pri-
mary because of the secondary load,
there is the core exciting current Iy
which flows in the primary whether
the secondary load is connected or
not. This current is drawn by the
primary core reactance Xy and r 0
equivalent core-loss resistance Rg EL
and is multiplied by Ni/N2 when it Es
is referred to the secondary side. It F,; 4 Relation between reactive
has two components: I, the mag- voltage drop and load voltage.
netizing component which flows 90°
lagging behind induced voliage Eg; and I, the core-loss current which
is in phase with Eg. Ordinarily this current is small and produces
negligible voltage drop in the winding.

Core-loss current is often divided into two components: eddy cur-
rent and hysteresis. Eddy-current loss is caused by current circulat-
ing in the core laminations. Hysteresis loss is the power required to
magnetize the core first in one direction and then in the other on alter-
nating half-cycles. Hysteresis loss and magnetization are intimately
connected, as can be seen from Fig. 5. Here induced voltage e is
plotted against time, and core flux ¢ lags e by 90°, in accordance with
equation 3. This flux is also plotted against magnetizing current in
the loop at the right. This loop has the same shape as the B-H loop

m|—

w IxX

o= b NS
W

[o]
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Fia. 5. Transformer voltage, flux, and exciting current.

for the grade of iron used in the core, but the scales are changed so
that

¢ = BA,
i = ch/0.47rN} ®

where B = core flux density in gauss
A, = core cross-sectional area in cm?
H = core magnetizing force in oersteds
l, = core flux path length in cm.

Current is projected from the ¢-i loop to obtain the alternating
current 7 at the bottom of Fig. 5. This current contains both the mag-
netizing and the hysteresis loss components of current. In core-mate-
rial research it is important to separate these components, for it is
mainly through reduction of the B-H loop area (and hence hysteresis
loss) that core materials have been improved. Techniques have been
developed to separate the exciting current components, but it is evident
that these components cannot be separated by current measurement
only. It is nevertheless convenient for analysis of measurements to
add the loss components and call their sum Ip, and to regard the mag-
netizing component Iy as a separate lagging current, as in Fig. 3. As
long as the core reactance is large, the vector sum Iy of Iy and Iy is
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small, and the non-sinusoidal shape of Iy does not seriously affect the
accuracy of Fig. 3.

Core flux reactance may be found by measuring the magnetizing
current, i.e., the current component which lags the applied voltage
90° with the secondary circuit open. Because of the method of meas-
urement, this is often called the open-circuit reactance, and this re-
actance divided by the angular frequency is called the open-circuit
inductance. The secondary and primary winding leakage reactanccs
are found by short-circuiting the secondary winding and mcasuring
the primary voltage with rated current flowing. The component of
primary voltage which leads the current by 90° is divided by the
current; this is the sum of the leakage reactances, the secondary react-
ance being multiplied by the (turns ratio)2 and is called the short-
circuit reactance.

Practical cases sometimes arise where the magnetizing component
becomes of the same order of magnitude as Ir. Because current Iy
flows only in the primary, a different equivalent circuit and vector dia-
gram are necessary, as shown in Fig. 6. Note that the leakage react-

EL IRz

)

Fia. 6. (a) Equivalent circuit and (b) vector diagram for transformer with high
magnetizing current.

ance voltage drop has a marked effect upon the load voltage, and this
effect is larger as Iy increases relative to I,. Therefore, the statement
that IX voltage drop causes negligible difference between secondary
induced and terminal voltages in transformers with resistive loads is
true only for small values of exciting current. Moreover, the total
primary current I; has a largely distorted shape, so that treating the
IR and IX voltage drops as vectors is a rough approximation. For
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accurate calculation of load voltage with large core exciting current, a
point-by-point analysis would be necessary.

8. Flux and Average Voltage. If the variables are separated in
equation 1, thus

edt = —N X 1078 d¢

an expression for flux may be found:

fedt= —N X 10_8fd¢

Now if we consider the time interval 0 to »/w, we have

xlw + ®max
f edt = —N X 10"8f dd
o _

Pmax

Equation 9 gives the relation between maximum flux and the time
integral of voltage. The left side of the equation is the area under
the voltage-time wave. For a given frequency, it is proportional to
the average voltage value. This is perfectly general and holds true
regardless of wave form. If the voltage wave form is alternating, the
average value of the time integral over a long period of time is zero. If
the voltage wave form is sinusoidal, the flux wave form is also sinus-
oidal but is displaced 90° as in Fig. 5, and the integral over a half-
cycle is

= _2N‘bmax X 10—8 (9)

cos wl ™  2.82H
—141F =
w 0 w
whence
1.41 X 108E
max = — (10)
oN

Equation 10 is the relation between maximum flux, effective voltage,
frequency, and turns. It is a transposed form of equation 4.

9. Ideal Transformer. The use of equivalent circuits enables an
engineer to calculate many transformer problems with comparative
ease. It is always necessary to multiply properties in the referred
winding by the proper ratio. This has led to the interposition of a
transformer of the right turns ratio somewhere in the equivalent cir-
cuit, usually across the load. The transformer thus used must intro-
duce no additional losses or voltage drops in the circuit. It is called an
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ideal transformer,t and it has negligibly small winding resistances,
leakage flux, core loss, magnetizing current, and winding capacitances.
Some power and audio transformers very nearly approach the ideal
transformer at some frequencies. For example, in a typical 50-kva
plate transformer, the winding resistance IR drops total 1 per cent
and the leakage reactance IX drops 3 per cent of rated voltage, the
core loss 0.6 per cent of output power and magnetizing current 2 per
cent of rated primary current. When the term ideal transformer is
used, it should be borne in mind that negligibly small is not zero. Par-
ticularly in electronie work, where frequency may vary, a limiting
frequency may be reached at which the transformer is no longer ideal.
Moreover, even if the limiting frequency is very low, it is never zero.
There must be voltage variation if transformation is to take place.
The assumptions of equations 5 to 7 were the same as for an ideal
transformer.

10. Polarity. Let turns from equation 2a be substituted in equation
5. Then we have

IVIII = NQIQ (11)

or the primary and secondary ampere-turns are equal and opposite.
This equality holds for only the load component of I;; that is, exeiting
current has been regarded as negligibly small. If there is a direct cur-
rent in the load, but not in the primary, or vice versa, equation 11 is
true for only the a-¢ components.

A 1:1 turns-ratio transformer is shown diagramatically in Fig. 7.
Impressed voltage is Fy, and primary current is 7;. Induced voltage
E; is slightly less than Ey, and is the same in magnitude and direction
for both windings. Secondary current /. flows in the opposite direction
to I;. Instantaneous polarities are indicated by + and — signs. That
is, when E, reaches positive maximum so do E; and E;. Dots are con-
ventionally used to indicate terminals of the same polarity; dots in
the circuit symbol at the right of Fig. 7 are used to indicate the same
winding directions as in the left-hand figure.

11. Regulation, Efficiency, and Power Factor. Transformer regula-
tion is the difference in the secondary terminal voltage at full load
and at no load, expressed as a percentage of the full-load voltage. For
the resistive load of Fig. 3(a), (b), and (c),

(Es —Er)

Per cent regulation = 100 BT (12)
L

18ee Magnetic Circuits and Transformers, M LT. Electrical Engineering Staff,
John Wiley & Sons, New York, 1943, p. 269.
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Fic. 7. Transformer polarity.

Since with low values of leakage reactance Eg — Er, = IR,
Per cent regulation = 100/R/Er (13)

provided that R includes the primary winding resistance multiplied by
the factor (N3/N1)? as well as the secondary winding resistance. If
leakage reactance is not negligibly small, approximately

P t lati 100 [IR + L (IX)2] (14)
er cent regulation = — 4 - =
ree E; 2\Ep
Efficiency is the ratio
Output power
n = (15)
Output power plus losses

where losses include both core and winding losses.
A convenient way of expressing power factor is

Output power plus losses
Power factor = pub b P (16)
Input volt-amperes

Equation 16 gives the power factor of a transformer plus its load.

One of the problems of transformer design is the proper choice of
induction to obtain low values of exciting current and high power
factor. Low power factor may cause excessive primary winding cop-
per loss, low efficiency, and overheating.

12. Wave Shapes. Transformers in electronic circuits may be sub-
jected to alternating and direct currents simultaneously, to modified
sine waves, or to other non-sinusoidal waves. Although there is a
relation between current and voltage wave shapes in a transformer,
the two are frequently not the same, as has already been seen in Fig.
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5. D-c¢ components of primary voltage are not transformed; only
the varying a-¢ component is transformed. Secondary current may
be determined by the connection of the load. For example: if the
load is a rectifier, the current will be some form of rectified wave;
if the load is a modulator, the secondary current may be the super-
position of two waves. If the primary voltage is non-sinusoidal, then
the secondary current almost certainly will be non-sinusoidal.

If the primary voltage comes from an alternating source only, and
the load is a half-wave rectifier, the secondary current has a d-c¢ com-
ponent, but the primary current has no d-¢ component except under
changing conditions. That is to say, in the steady state there is no
primary d-c¢ component resulting from secondary d-c¢ component alone.
This is true, because any direct current in the primary requires a d-c
source. But by the initial assumption there is no direct current present
in the primary. Under these conditions, the core flux may be very
much distorted because the flux excursions go into saturation in one
direction only.

In succeeding chapters, two values of current will be of interest
in circuits with non-sinusoidal waves, the average and the rms. Aver-
age current causes core saturation unless there is an air gap. Rms
current determines the heating of the windings and is limited by the
permissible temperature rise. Voltage wave form will be dealt with
in subsequent chapters. Common current wave forms are tabulated
here for convenience. (See Table I1.)

Root-mean-square or rms current values are based upon the
equation

T
Toms = \/f f 2d (17)
0

where 7 = current at any instant
f = frequency of repetition of current waves per second
T = duration of current waves in seconds
! = time in seconds.

Average current values are

T
Iy = ff Tdi (18)
0

In the first wave shape, T = 1/f. In the fifth wave shape, 7 + 28 is
the current wave duration.



16 ELECTRONIC TRANSFORMERS AND CIRCUITS

TaBLE I. Non-SiNusoipAL CURRENT WaAVE Forms
Current Wave Shape Description T s Tay
¢ Direct current with e
LS Miee 4 superposed sine Tic o |1+ 14e
T perp 2
\/Id.c wave
=7 Half-sine loops of T fr 21, ST
RK [ {1 M| durationandf Lok 5 .
— T —wf— repetition rate
Square waves of T
——- duration and f —
——'-—Ilpk —l_,_l— repetition fre- L VT Tt T
——|Th—/§ — quency
B Sawtooth wave of T
Ink duration and f I JT 1 fT
T i ; repetition fre- vk 3 2
quency
oy 7 Trapezoidal wave of (7
/ - \ [ repetition fre- I f(26 +37) [ f6+T
—'iSLTJSI‘ /5 —- quency vk 3 il 6 +T)

In both equations 17 and 18, T refers to a full period. This is in
contrast to steady-state sinusoidal alternating currents, the rms and
average values of which are developed over a half-period because of
the symmetry of such currents about the zero axis.



2. TRANSFORMER CONSTRUCTION, MATERIALS,
AND RATINGS

13. Construction. Most electronic transformers are small, and for
small transformers the shell-type core is usually most suitable because
only one coil is required. TFigure 8 shows shell-type transformer as-

scmblies.

Fic. 8. Transformers with shell-type core.

The magnetic path is divided, half the flux enclosing one side of the
coil and half the other. The coil opening is called the window. Be-
tween the windows is the core tongue, which is twice as wide as the

‘—
L ‘

E-I E-E F

WINDOW

— TONGUE

Fic. 9. Shell-type laminations.

iron around the rest of the window. The core is built up of thin lamina-

tions to reduce eddy-current losses; typical shapes are shown in Fig. 9.

Alternate stacking of the lamination pairs may be used to reduce mag-

netic reluctance and keep magnetizing current small. To reduce as-

sembly cost, this alternate stacking is sometimes done in groups of
17
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_ GORE
BAND

COWS

Fic. 10. Core-type transformer.

two or more laminations, with some increase in magnetizing current.
A wide range of sizes of shell-type laminations is available. At 60
cycles, common thicknesses are 0.014 in., 0.019 in., and 0.025 in.

Shell-type laminations are made with proportions to suit the trans-
former. In the E-I shape a scrapless lamination is widely used. Two
E’s facing each other are first punched, and the punched-out strips are
of the right dimensions to form two I's. Then the E’s are cut apart.
This economy of material is not justified in transformers in which turns
per layer, and hence window width, must be reduced relative to window
height.

For some applications, the core-type transformer is preferable. In
these there is only one magnetic path, but there are two coils, one on
each leg of the core. A core-type transformer is shown in Fig. 10, and
some core-type laminations in Fig. 11.

Cores wound f{rom continuous steel strip are widely used. One
common shape is illustrated in Fig. 12; it is known as the type C core.
Steel strip is first wound to the proper build-up on a mandrel. The
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wound core is then annealed, impregnated with a bond, and cut in
two to permit assembly with the coil. After assembly with the coil,
the core is held together with a
steel band as in Fig. 10. Several
advantages accrue from this eon-
struction, which will be discussed
in Section 15.

Typical assemblies using two

type C cores are shown in Figs. 13
and 14; they correspond to shell-
type laminations. Because it is
simpler to assemble a single-core u-I L
loop, a single core is often used, Fic. 11. Core-type laminations.
especially in small sizes. See Fig.
15. In 60-cycle service the laminations are usually stacked alternately
to produce an overlapping joint. This is approximated in the type C
cores with ground gap surfaces which fit closely together. Either type
of core can be used with core gaps; laminations are stacked butting,
with no overlap. The desired amount of gap material, such as fish-
paper, is inserted between the gap surfaces.

Fig. 12. Type C cores.
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i

Fic. 13. Partly assembled transformer.

Fic. 14. Assembled type C cores and
coil.
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Fic. 16. Transformers mounted on amplifier chassis.
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14. Mountings. Both types of cores may be built into neat assem-
blies with the laminations exposed, and the coils covered by end cases,
such as those in the amplifier of Fig. 16. When complete enclosure
is desired, assemblies like those in Fig. 17 are used.

Fig. 17. Tully enclosed transformers.

The degree of enclosure depends on many conditions, among them
the following:

(a) Climate. In a humid climate, especially in the tropics, copper
corrodes readily. Transformers containing fine wire may have open
circuits soon after exposure to tropical conditions, and it is preferable
to seal them against the entry of moisture.

(b) Temperature Rise. Transformers handling large amounts of
power may become hot because of the electrical losses. To seal them
in containers imposes additional obstacles to the dissipation of this
heat. Fortunately the wire size is large enough to withstand corrosion
without developing open circuits. Such units may be of the open type.

(c) Space. Sealing a transformer usually requires more space than
mounting the core and coil directly on the chassis or panel. End cases
like those in Fig. 16 do not require much space but do reduce cooling
by convection. When air is used to cool other apparatus, power tubes
for instance, it is very often circulated near or through the transformer
to prevent the coils from overheating.

(d) Voltage. In high-voltage dry-type transformers, enclosure in a
metal case may add to the difficulties of insulating the windings. In
oil-filled transformers, a tank is required for the oil and enclosure is
thereby provided.
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(e) Appearance. Generally speaking, enclosed transformers are
neater than the open type. This fact is given consideration where
space is available, especially in broadcast apparatus.

15. Core Materials. Electronic transformers make use of a large
variety of core materials. In this chapter, the more useful magnetic
properties of several grades of corc materials are presented for refer-
ence and comparison. To guard against possible ambiguity, definitions
of magnetic terms are first reviewed.

Referring to the typical hysteresis loop of Fig. 18, curve OB, is
the manner in which completely unmagnetized steel becomes magne-
tized by a magnetizing force H gradually increasing up to value H,.
Flux density or induction is not proportional to H but rises more gradu-
ally as it approaches H,,, B,. Once the material reaches this state, it
does not retrace curve OB, if H is reduced. Instead, it follows the
left side of the solid-line loop in the direction of the arrow until, with
negative H,, it rcaches the maximum negative induction —B,,. If H
is now reversed, the induction increases as indicated by the right side
of the loop, which is symmetrical in that the upper and lower halves
are equal in area and have the same shape.

In laboratory tests of magnetic material, the changes in H are made
slowly by means of a permeameter. The solid curve of Fig. 18 is then
called the d-c¢ hysteresis loop. If the changes are made more rapidly,
for example at a 60-cycle rate, the loop is wider, as shown by the dotted
lines. If a higher frequency is used, the loop becomes still wider, as
shown by the dot-dash lines. At any frequency, energy is expended in
changing induction from B, to —B,, and back to B,; this energy is
called the hysteresis loss and is proportional to the area of the B-H
loop. Increase in loop width with frequency is usually attributed to
eddy currents which flow, even in laminated cores, to some degree.

If a closed magnetic core is magnetized to induction B,, and then
the magnctizing force completely removed, induction decreases to
restdual induction B, and remains at this value in the absence of mag-
netizing foree, or for H = 0. The value of H required to reduce B to
zero is called the coercive force (H,). From Fig. 18 it is evident that
B, and H, may change with frequency for the same B,, and grade of
core material, and the design of transformers and reactors may be
affected by the influence of frequency on core steel properties.

According to equation 10, p. 12, the core flux is proportional to effec-
tive alternating voltage for a given frequency and number of turns,
and so is flux density in a given core. Therefore the largest loop of
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Fic. 18. A-c and d-c hysteresis Fia. 19. Normal induction.
loops.

Fig. 19 corresponds to a definite effective voltage and frequency, ap-
plied across a coil linking a definite core, and magnetizing it to maxi-
mum flux density B,,. If effective voltage is reduced 20 per cent a
smaller B-H loop results, with lower maximum flux density B’,. If
effective voltage is reduced further, still lower maximum flux density
B”,, is reached. The locus of points B,,, B’,, B”n, ete., is drawn in
Fig. 19, and is called the normal tnduction curve. It is similar in shape
to, but not identical with, the virgin curve OB, of Fig. 18. Each time
the maximum flux density is lowered, a short time elapses before the
new loop is traced each cycle. Thus the loops of Fig. 19 represent
symmetrical steady-state or cyclic magnetization at different levels
of maximum induction.

A normal induction curve is drawn in Fig. 20. The ratio of B to H
at any point on the curve is the normal permeability for that value of
B. For the maximum flux density B,,, the normal permeability is

uw = B,/H,, (19)

It is the slope of a straight line drawn through the origin and B,,. A
similar line drawn tangent to the curve at its “knee” is called the maxi-
mum permeability and is the ratio w,, = B’/H’. The slope By/Hy of
normal induction at the origin (enlarged in Fig. 20) is the permeability
for very low induction By; it is ealled initial permeability and is usually
much less than p,.

Maximum permeability as here defined is really the average slope
of the normal induction curve up to induction B’. Actual slope from
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permeability.

0 to B’ is greater at some points than maximum permeability, becausc
the curve is steepest below B’. The slope at any induction is called
differential permeability.

From inspection of Fig. 19 it will be noticed that, for H = 0, the
sides of the B-H loop are steeper than any part of the normal induec-
tion curve and hence the slopes exceed un,. This fact has practical
significance in the design of magnetic amplifiers.

In the foregoing, symmetrical magnetization has been assumed. If
a core is magnetized with d-¢ magnetizing force Hgq. as in Fig. 21, and
a-c¢ magnetization AH is superimposed, the cyclic magnetization follows
a minor loop AB,. Deecreasing induction follows the left side of a
major loop whose maximum induection is B,,, down to induction 4 =
B,, — AB. Increasing induction follows a line which joins the right
side of the major loop. The area of this loop is small, but so is the
average slope, or incremental permeability. This permeability is im-
portant in reactor design. It is defined by

ua = AB/AH (20)

and is generally smaller than p,. The dotted line in Fig. 21 is the
normal induction curve, the locus of the tops of minor loops as Hg,
is decreased.

Returning now to Fig. 19, if H,, is increased, an induction is finally
reached at which unit increase of H produces only unit increase in B,,.
This is known as saturation mduction B,. The value of H at which
B; is first reached is very large compared to /7, for most core materials.
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A striking development has been the production of core materials with
rectangular hysteresis loops. In such materials B, is reached at small
values of H, as shown in Fig. 22. Core
material having a rectangular hysteresis
loop is especially useful in magnetic am-
plifiers, and is discussed in Chapter 9.
The volt-amperes per pound or appar-
ent core loss (P,) of a magnetic material
is the product of rms induced voltage and
He H  rms exciting current drawn from the
source when a pound of the material is
subjected to sinusoidally varying induec-
tion of a specified maximum value B,, and
J of a specified frequency f. Exciting cur-
~Bs rent is non-sinusoidal, as can be seen from
Fic. 22. Rectangular hyster- Y18 5, Chapter 1. The power component
esis loop. of P, is the core loss P,. The reactive
component is usually the larger and is
called VARS per pound. It is related to permeability in the following
way:

e

Let it be assumed that for conditions B, Hn in a core the magnetizing cur-
rent is approximately sinusoidal, of effective value I3, drawn from a supply of
frequency f and effective voltage E. If we combine

1. Open-circuit inductance L, = E/2xfI (21)
B.AN
= (22)
V2 Iy X 108

ATNIyA/2

2. Magnetizing force H,, = M (23)
EIMp
3. V! Ib =

3. VARS/Ib A (24

convert to inches, and put density p = 0.27 1b/in.%, then

152fB?
# 7 VARS/Ib X 10° (25
B,?

At 60 cycles, u = Because of the non-linearity of I, this

11,000 VARS/Ib
equation is approximate. Moreover, there is no allowance for core gap.

In usual electronic transformer practice, it is necessary to avoid
reaching saturation flux densities, because high exciting currents pro-
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duce high winding IR drops, high losses, low efficiency, and large size.
Curves of induction and core loss are available from manufacturers of
laminations. Grades and thickness are designated by numbers such as
Armeco Trancor M15 and Allegheny Transformer A. A wide choice
of silicon-steel laminations is available in 0.014-in., 0.019-in., and
0.025-in. thicknesses, with silicon content of approximately 3 to 4%,
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Fic. 23. Core loss at high induction. Armco Trancor M15 grade, 29 gage.

and with core losses ranging from 0.6 to 1.2 watts per pound at 10,000
gauss, 60 cyeles (64,500 lines per square inch). Figures 23 and 24 are
core-loss and exeiting va/lb for a widely used grade of electronic trans-
former core steel at 60 cycles.

Much work has been done in developing grain-oriented core mate-
rials. These materials have a composition similar to that of older,
non-oriented core material, but grains in the material are oriented by
cold-rolling in the direction illustrated by Fig. 25. Magnified sections
of laminations are shown in this figure; (a) shows the random direc-
tions of “easy” magnetization in grains of non-oriented silicon steel.
When magnetic flux is established in the lamination, the grains must
be aligned in the same direction, as in Fig. 25(b). If the grains are
already oriented in this direction during the rolling process, much
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smaller magnetizing force is required to produce the desired flux.
Coercive force and hysteresis loss are smaller than in non-oriented
steel; permeability is greater, and so is By, so that the rectangular loop
of Fig. 22 is approached in grain-oriented steel.
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F16. 24. Exciting rms volt-amperes per pound, Armco Trancor M15 grade, 29
gage.

Grain-oriented core materials are of two major types: silicon-steel
and nickel-iron alloy. Electronie power transformers (i.e., plate and
filament supply transformers) formerly comprised only hot-rolled sili-
con-steel cores. The development of grain-oriented silicon steel has
had a marked effect on size and performance of such transformers. To
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illustrate this effect, a comparison is made below between the older
non-oriented steel (termed, for simplicity, silicon steel) and Hipersil,
a cold-rolled steel in which grain orientation is carried out to a high
degree. If core flux flows in the grain-oriented direction, high core in-
ductions may be realized. Type C cores fulfill this requirement, be-
cause the strip is wound in the same direction as the flux path.
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Fi6. 26. Induction and core-loss curves of silicon steel and Hipersil at 60 cycles.

The material is rolled in three major thicknesses:

No. 29 gage (about 12 to 14 mils thick) for frequencies up to 400
cycles.

5 mils thick for frequencies 400 cycles and higher.

2 mils thick for frequencies in the low and medium r-f bands.

Probably the most remarkable property of this material is its high
saturation point. In Fig. 26 the comparison is given in terms of a
hypothetical 60-cycle working induction using high-grade, conventional
silicon steel. If this value is assumed to be 100 per cent, the induc-
tion obtained with grain-oriented steel is 130 to 150 per cent, with no
increase in magnetizing force. Another way of expressing this im-
provement is shown in Fig. 27 as a comparison of the permeability of
the two steels. The permeability of grain-oriented steel is much higher
at the maximum point, and has the same percentage incrcase as in
Fig. 26 for normal working inductions. Iron loss in Hipersil is less
than in silicon steel, as Fig. 26 shows. The decreasc in iron loss is
chiefly due to a reduction in hysteresis loss; the eddy-current loss is
less affected by grain orientation. Future comparisons may widen
these differences.
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The increase in induction is beneficial in several ways. First, it
permits a reduction of core area for the same magnetizing current.
Second, it results in a smaller mean length of turn and thus in a reduec-
tion in the amount of copper needed. In distribution and power trans-
formers, for maximum benefit the iron and copper losses are repropor-
tioned. In small electronic transformers, the iron loss is usually a
small part of the total loss, and the reduction in copper loss is of greater
significance. Within certain limits, the sum of the two losses deter-
mines the size of a transformer, and here the usefulness of grain-
oriented steel becomes most apparent.
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Fic. 27. Permeability of silicon and grain-oriented silicon steel.

The foregoing was written with 60-cycle applications particularly in
mind. At higher power supply frequencics, such as the 400- and 800-
cycle supplies encountered in aircraft and portable equipment, the
results are somewhat different. The decrease in iron loss is not so
marked, because the eddy current loss forms a larger proportion of the
total iron loss. However, it is usual practice to use thin-gage lamina-
tions at these frequencies, and much better space factor can be ob-
tained in wound cores than in stacked cores. The increase in permea-
bility is just as effective in these higher frequency applications as at
60 cycles. The net result is a smaller transformer than was formerly
possible, though for different reasons and in different proportions.

Reactors which carry direct current are usually smaller when made
with grain-oriented than with ordinary silicon steel. At low voltages,
where low inductions are involved, grain-oriented steel has greater in-
cremental permeability, and maintains it at high flux densities also.
Consequently, a reduction of 50 per cent in weight is often feasible.

Grain-oriented silicon steel does not replace high nickel-iron alloys
for audio transformers, when they work at low inductions, and with
little or no direct current. Some nickel-iron alloys have higher permea-
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bility at low flux densities, and their use for this purpose continues.
But at high inductions, or where considerable amounts of direct cur-
rent are involved, grain-oriented silicon steel is used. Lower distortion,
extended frequency range, or small size is the result, and sometimes
a combination of all three occurs.
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F16. 28. Use of Hipersil in various frequency zones.

Hipersil can be used for transformers in various applications in the
low and medium r-f bands, at power levels ranging up to hundreds of
kilowatts. The same is true of video and pulse transformers, which
may be regarded as covering an extended frequency range down into
the audio range and up into the medium r-f range. Such transformers
are grouped rather loosely together as r-f transformers in the diagram
shown in Fig. 28. In this figure the several classifications, r-f, audio,
and power transformers, are shown with respect to their frequency
ranges and the approximate gage of the material used for these ranges.
The gage is indicated by the symbol number in Table II.

TapLe II. Hirersi Core Data

Typical Space
Typical Hipersil Factor for

Hipersil Thickness Space Factor *  Silicon Steel *
C-97 0.013 in. 959, 909,
C-95 0.005 in. 909, 809,
C91 0.002 in. 859, 709,

* Refers to percentage of core volume occupied by metal. The Hipersil figure
is for type C cores, and the silicon steel figure is for punched laminations.

Core-loss and exciting va/Ib for 29-gage Hipersil are plotted in Figs.
29 and 30. Joint reluctance is neglected in Fig. 30.

An example of specialized core materials is the development of a
new grain-oriented silicon steel especially for weight reduction in com-
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ponents for 400-cycle applications. By means of large reduction in
core loss at 400 cycles and still larger increase in permeability at high
induction, a 0.004-in.-thick core material was developed which oper-
ates satisfactorily in many instances at 17,000 gauss, 400 cycles. As a
result, 40 per cent of the weight was eliminated in transformers de-
signed to take advantage of the 0.004-in-thick core material. At lower
inductions the core loss of this material tends to be larger than in the
older 0.005-in.-thick material. Hence it is only where 17,000 gauss is
a practicable working induction that the weight reduection is possible.

Crain-oriented steel alloys of approximately 509% nickel content
are extensively used in saturable reactors. Electrical properties of
cores wound from these materials are spoiled if the strip is bent
or constrained mechanically. Usually the nickel-alloy strip is wound
into cores in the form of a toroid, annealed, and enclosed in an insulat-
ing box to protect it from damage. Special machinery is then used
to wind turns of wire around the core. With the proper precautions,
it is possible to realize the advantages of a very rectangular, narrow
hysteresis loop in the finished reactor. These properties have been
found useful also in pulse transformers, and are discussed in Chapters
9 and 10 in detail.

In audio- or higher-frequency low-loss reactors or transformers, it
may be desirable to use powdered iron or nickel-alloy cores. These
cores are made of finely divided particles, coated with insulating
compound, which separates them and introduces many fine air gaps in
the magnetic path. The cores are molded into various shapes suitable
for the application. Effective permeability of such cores is reduced
to a figure much lower than that of laminations made from the same
material.

Magnetic ferrites likewise are used at higher frequencies. These
substances are characterized by high resistivity so that neither lami-
nations nor powder particles are necessary to reduce eddy-current loss.
Cores are molded and sintered at high temperature. After sintering
they have ceramic hardness but relatively low Curie temperature.?
Ferrites are useful at very high frequencies.

Some of the principal core materials are listed in Table T11.

16. Windings. Current density in the winding copper is sometimes
estimated for design purposes by rules such as 1,000 cir mils per amp.
These rules are useful in picking out a first choice of wire size for a
given current requirement but should not be regarded as final. In-

1 The temperature at which a ferric substance loses its intrinsic permeability.
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TasLe III. Core MATERIALS

Typical Maximum  Coercive
Maximum Operating Force
Approximate Permeability Flux Density D-C Loop
Description Trade Names Bm By, (gauss)  (oersteds) Chief Uses
Silicon steel Transformer 8,500 12,000 0.5 Small power and voice frequency au-
Trancor M15 dio transformers
Power 58
Grain-oriented Hipersil 30,000 17,000 0.4 Larger sizes of power and wide-range
silicon steel Trancor 3X audio transformers; low-frequency
1-f transformers; saturable reactors
509 nickel steel Hipernik 50,000 10,000 0.06 Small, wide-range audio transform-
Allegheny Elec- ers and reactors (may have small
tric Metal d-¢ induction)
Nicaloi
50% nickel steel, Conpernik 1,400 » Extremely linear and low-loss trans-
special heat formers
treatment
Grain-oriented Hipernik V 50,000 14,500 0.15 Saturable reactors
509 nickel Orthonol
sleel Orthonik
Deltamax
Permenorm
809, nickel steel Permalloy 100,000 6,000 0.05 Small or wide-range audio transform-
Mumetal ers (no d-c induction)
Hymu
809% nickel steel, Supermalloy 200,000 6,000 0.01 Very small or wide-range transform-
special heat ers (no d-¢ induction)
treatment
Powdered iron Crolite 125 * Wave filter reactors; low and me-
Polyiron dium r-f transformers
Ferrite Ceramag 1,000 2,000 0.2 Sweep circuit transformers; r-{ trans-
Ferramic formers and reactors
Ferroxcube

* These materials are used for low flux density, low-loss applications.

stead, the temperature rise, regulation, or other performance criterion
should govern the final choice of wire size. Regulation is calculated as
in Section 11, and temperature rise as in Sections 22 and 23. In Fig. 31
the circular mils per ampere are plotted for small enclosed dry-type
transformers with Hipersil cores and a winding temperature rise of
55 centigrade degrees; it can be seen to vary appreciably over this
range of sizes.

Space occupied by the wire depends on the wire insulation as well
as on the copper section. This is especially noticeable in small wire
sizes. Table IV gives the bare and insulation diameters for several
common kinds of wire and Table V the turns per square inch of wind-
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ing space. Space usually can be saved by avoiding cotton or silk wire
covering, and instead using enameled wire with paper layer insulation
as in Fig. 32. Thickness of layer paper may be governed by layer
voltage; it is good practice to use 50 volts per mil of paper. In coils
where layer voltage is low, the paper thickness is determined by the
mechanical strength necessary to produce even layers and a tightly
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Fic. 31. Wire size in windings of small enclosed 60-cycle transformers.

wound coil. Table VI gives the minimum paper thickness based on
this consideration.

Space factor may refer to linear spacing as across a layer, or to the
total coil section area. It is more convenient to use linear space factor
in designing layer-wound coils and arca space factor in random-wound
coils. The values in each case depend largely on the method of wind-
ing. For example, it is possible to wind No. 30 enameled wire with
97 per cent linear space factor by hand, but with only 89 per cent on
an automatic multiple-coil winding machine. (See Fig. 33.) More-
over, values of space factor vary from plant to plant. An average for
multiple-coil machines is given in Table VI.
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TaBLE 1V. INsuLaTED WIRE SizEs
DiaveTER oF INsuLATED WiRE Ohms
Area Feet
B&| Bare in per per Pounds
S | Diam- Sinele | Singd Circu- ;22? Obm | P
Gage| eter | Single | Double Cu:tg © lsl.lﬁ: Single | Double| Single | Double| lar at at 1000
Enamel |Enamel | 28 . ! Cotton | Cotton| Silk Silk Mils o 25°C Feet
Enamel [Enamel 25°C
44 | .0020 | .0023 4.00(2,700 | .3850 | .012
43 | .0022 | .0025 4.84 (2,150 | .4670 | .015
42 | .0025 | .0029 6.25|1,700| .6050 | .019
41 | .0028 | .0032 7.84 (1,350 | .7630 | .024
40 | .0031 | .0036 | .0039 9.61|1,103 | .9550 | .030
39 | .0035 | .0040 | .0044 12.25 864 | 1.204 | .038
38 | .0040 | .0046 | .0050 16.00 659 | 1.519 | .048
37 | .0045 | .0051 | .0055 20.30| 522| 1.915 | .060
36 | .0050 | .0057 | .0061 | .0095 | .0075 | .0090 | .0130 | .0070 | .0090 | 25.00| 424| 2.414 | .076
35 | .0056 | .0064 | .0067 | .0102 | .0082 | .0096 | .0136 | .0076 | .0096 | 31.40| 338| 3.045 | .096
34 | .0063 | .0072 | .0077 | .0109 | .0089 | .0103 | .0143 | .0083 | .0103 | 39.70| 266| 3.839 | .120
33 | .0071 | .0080 | .0085 | .0117 | .0097 | .0111 | .0151 | .0091 | .0111 | 50.40| 210| 4.841 | .152
32 | .0080 | .0090 | .0095 | .0127 | .0107 | .0120 | .0160 | .0100 | .0120 | 64.00 165| 6.105 | .19
31 | .0089 | .0100 | .0104 | .0137 | .0117 | .0129 | .0169 | .0109 | .0129 | 79.20 134 | 7.698 | .24
30 | .0100 | .0111 | .0117 | .0148 | .0128 | .0140 | .0180 | .0120 | .0140 100 106 | 9.707 | .31
29 | .0113 | .0125 | .0130 | .0162 | .0142 | .0153 | .0193 | .0133 | .0153 128| 83.1] 12.24 | .38
28 | .0126 | .0139 | .0145 | .0175 | .0155 | .0166 | .0206 | .0146 | .0166 159| 66.4| 15.43 | .48
27 | .0142 | .0155 | .0161 | .0192 | .0172 | .0182 | .0222 | .0162 | .0182 202| 52.5| 19.46 | .61
26 | .0159 | .0172 | .0178 | .0210 | .0190 | .0199 | .0239 | .0179 | .0199 253 | 41.7| 24.54 | .77
25 | L0179 | .0193 | .0200 | .0234 | .0211 | .0222 | .0262 | .0199 | .0219 320| 33.0| 30.95 .97
24 | .0201 | .0216 | .0222 | .0256 | .0233 | .0244 | .0284 | .0221 | .0241 404| 26.2| 39.02 | 1.23
23 | .0226 | .0242 | .0247 | .0282 | .0259 | .0269 | .0309 | .0246 | .0266 511 20.7| 49.21 | 1.54
22 | .0253 | .0271 | .0278 | .0310 | .0287 | .0296 | .0336 | .0273 | .0293 645 | 16.4| 62.05 | 1.95
21 | .0285 | .0302 | .0310 | .0344 | .0319 | .0330 | .0370 | .0305 | .0325 812 | 13.0| 78.25 | 2.45
20 | .0320 | .034 .0345 | .0385 | .0355 | .0370 | .0410 | .0340 | .0360 | 1,020| 10.3| 98.66 | 3.09
19 | .0359 | .038 L0387 | .0425 | .0395 | .0409 | .0449 | .0379 | .0399 | 1,300| 8.14| 124.4 | 3.89
18 | .0403 | .042 L0431 | .0469 | .0439 | .0453 | .0493 | .0423 | .0443 | 1,600 6.59| 156.9 | 4.9
17 | .0453 | .047 L0481 | .0521 | .0491 | .0503 | .0543 | .0473 | .0493 | 2,030 | 5.22| 197.8 | 6.2
16 | .0508 | .053 .0536 | .0576 | .0546 | .0558 | .0608 | .0528 | .0548 | 2.600| 4.07| 249.4| 7.8
15 | .0571 | .059 .0605 | .0640 | .0610 | .0621 | .0671 | .0591 | .0611 | 3,250 | 3.26| 314.5| 9.9
14 | .0641 | .066 L0675 | .0711 | .0681 | .0691 | .0741 | .0661 | .0681 | 4.100 2.58| 396.6 | 12.4
13 | .0719 5,180 | 2.00| 499.3 | 15.7
12 | .0808 6,530 | 1.59| 620.6 | 19.8
11 | .0907 8,235 | 1.26| 794.0 | 24.9
10 | .1019 10.380| 1.00( 1,001 | 31.4
9 | .1144 13,090 | .792| 1,262 | 40.0
8 | .1285 16,510 | .628( 1,592 | 50.0
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TABLE V. TuURNs PER SQUARE INcH oF INsoLATED WIRE

[

& - Single | Single | Single | Double | Single | Double
3 Esrigrgrll?el I]E)r?;rgfl Cotton Silk | Cotton- | Cotton-| Silk- Silk-
s Wire Wire Enamel | Enamel | Covered | Covered | Covered | Covered
m Wire Wire Wire Wire Wire Wire
42 | 119,000
41| 96,000
40| 77,000 | 66,200
39 62,400 | 51,800
38 47,300 | 40,000
37| 38,400 | 33,100
36 30,900 | 26,900 | 11,100 | 17,900 | 12,350 5,920 | 20,400 | 12,350
35 24,500 | 22,300 9,600 | 14,900 | 10,900 5,430 | 17,200 | 10,900
34 19,300 | 16,900 8,430 | 12,700 9,430 4,900 | 14,500 9,430
33 15,600 | 13,900 7,280 | 10,650 8,130 4,380 | 12,100 8,130
32| 12,350 | 11,100 | 6,210 | 8,740 | 6,940 | 3,900 | 10,000 | 6.940
31 10,000 9,260 5,330 7,300 5,900 3,510 7,780 5,900
30| 8,180 | 7,300 | 4,580 6,100 | 5,100 | 3,090 | 6,940 | 5,100
29 6,430 5,920 3,810 4,950 4,270 2,760 5,670 4,270
28 5,200 4,770 3,280 4,170 3,640 2,360 4,690 3,640
27| 4,170 | 3,880 | 2,720 | 3,390 | 3,030 | 2,080 | 3,810 | 3,030
26| 3,380 | 3,160 | 2,270 | 2,780 | 2,520 | 1,940 | 3,120 | 2,520
25| 2,600 | 2,500 | 1,820 2,240 | 2,080 1,460 | 2,530 | 2,080
24| 2,150 | 2,030 | 1,530 | 1,850 1,690 | 1,230 | 2,050 | 1,720
23 1,710 1,650 1,260 1,490 1,380 1,050 1,650 1,420
22| 1,370 | 1,300 | 1,045 | 1,220 | 1,140 883 | 1,345 | 1,160
21 1,100 1,045 846 925 915 729 1,075 943
20 860 850 675 793 730 595 862 836
19 693 668 555 640 597 495 700 628
18 568 540 455 518 490 412 563 510
17 455 432 368 417 395 340 450 412
16 357 350 303 338 320 270 360 335
15 288 273 244 270 260 222 287 268
14 230 220 198 216 210 182 229 222
13 179 176
12 143 141
11 114 113
10 90 90

9 72 72
8 57 57
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Mean length of turn must be calculated for a coil in order to find its
resistance in ohms. This may be found by referring to the side view
of Fig. 32. Note that there is a small clearance space between core
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Fic. 32. Paper-insulated coil.

and coil form or tube. Let d be the core tongue and w the stack. Sup-
pose there are several concentric windings. The length of mean turn
of a winding V at distance r from the core and having height D, is

D
MT=2w+2d+21r(r+—2—>

= 2w + d) + =(2ZD + D) (26)

where 2D is the sum of all winding heights and insulation thicknesses
between winding V and the core.

The mean turn of the winding U just below V ordinarily is calculated
before that of winding V. This fact simplifies the calculation of wind-
ing V, the mean turn of which is

MTy = MTy + =(Dy + Dy + 2¢) (27)

where ¢ is the thickness of insulation between U and V.

Allowance must be made, with many coil leads, for bulging of the
coil at the ends and consequent increase of mean turn length.

The placement, insulation, and soldering of leads constitute perhaps
the most important steps in the manufacture of a coil. When coils



TRANSFORMER CONSTRUCTION, MATERIALS, RATINGS 39

TasLe VI. Parer-InsvrLaTED CoiL Data

(Courtesy Phelps-Dodge Copper Products Corp.)

B&S Layer Turns Space
Gage Insulation per Inch Factor
44 .0005” 369 859,
43 .0005” 340 859,
42 .0005” 304 859,
41 .0007” 265 859,
40 .0007” 239 869
39 .0007” 215 869,
38 .001” 193 87%
37 .001” 170 87%
36 .001” 155 87%
35 .001” 140 889,
34 .001” 124 889,
33 .0013” 110 889%,
32 .0013” 98 889,
31 .0015” 88 889,
30 .0015” 80 899
29 .0015” 71 899,
28 .0015” 64 899,
27 .0022” 57 899,
2 .0022” 52 899,
25 .0022” 47 909,
24 .0022” 42 909,
23 .005” 37 909,
22 .005” 33 909,
21 .005” 30 909,
20 .005” 26 909,
19 .007” 23 909,
18 .007” 21 909,
17 .007” 19 909%,
16 .010” 17 909,
15 .010” 15 909,
14 .010” 13 909,
13 .010” 12 909
12 .010” 10 909
11 .010” 9 90,

10 .010” 8 909%
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are wound one at a time, the leads can be placed in the coil while it is
being wound. The start lead may be placed on the coil form, suitable
insulation may be placed over it, and coil turns may be wound over
the insulation. Tap leads can be arranged in the same way. Finish
leads must be anchored by means of tape, string, or yarn, because

Fic. 33. Winding 20 coils in multiple machine: layer paper at right.

there are no turns of wire to wind over them. Typical lead anchoring
is shown in Fig. 34.

In multiple-wound coils, the leads must be attached after the coils
are wound. Extra wire on the start turn is pulled out of the coil and
run up the side as shown in Fig. 35, with separator insulation between
wire extension and coil. Outer insulation covers the wire extension
up to the lead joint. A pad of insulation is placed under the joint, and
one or more layers of insulation, which insulate and anchor the joint,
are wound over the entire coil and the lead insulation. Klectrical-grade
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scotch tape is widely used for anchoring leads. It is important to avoid
corrosive adhesives.

Leads should be large enough to introduce only a small amount of
voltage drop and should have insulation clearances adequate for the
test voltage. These clearances can be found as explained in Section 19.
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Fic. 34. Start-lead insulation in hand-wound coils.

In high-voltage transformers it would often be possible to seal the
windings if there were no leads; hence lead placement calls for much
care and skill. Leads and joints should also be mechanically strong
enough to withstand winding, impregnating, and handling stresses
without breakage.

17. Insulation. Three classes of insulation are used in dry-type
transformers. Class A insulation is organic material such as paper,
cotton, silk, varnish, or wire enamel. Class B insulation is mica, as-
bestos, glass, porcelain, or other inorganic material with organic bind-
ers such as varnish for embedding the insulation. A small amount of
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other class A material is permissible in a class B coil “for structural
reasons,” but it should be kept to a minimum.

In general, the vital difference between these classes of insulation
is one of operating temperature. Glass-covered wire is preferable to
asbestos for space reasons; it is available in approximately the same
dimensions as cotton-covered wire. Built-up mica is the usual insula-
tion wrapper material. With special bonds it is flexible enough to
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Fia. 35. Start-lead insulation in multiple-wound coils.

wind over coils or layers of wire. Stiff mica plate for lead insulation
and mica tubing for coil forms are usually bonded with heat-resistant
varnish. Class B insulating material is more cxpensive than class A
and is used only when other advantages outweigh the cost.

The necessity for small size in aireraft or mobile apparatus is con-
tinually increasing the tendency to use materials at their fullest capa-
bilities. As size decreases, the ability of a transformer to radiate a
given number of watts loss also decreases. Hence, it operates at higher
temperature. Transformers for 400- and 800-cycle power supplies can
be made in smaller overall dimensions by using class B insulation (see
Section 20). As a result, from 30 to 50 per cent decrease in size
{as compared with class A insulation), in addition to increased ability
to withstand extremes of ambient temperature, humidity, and alti-
tude, is obtained. Class B insulation is thus of special importance in
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aircraft apparatus. Usually at 60 cycles enough room is available to
use class A insulation, but mica may be used to reduce the size of high-
voltage units.

A third class of insulation is the silicones, organic silicates with re-
markable thermal and mechanical properties. These materials are
coming into use at operating temperatures approaching 200°C, Sili-
cone-treated cloth, silicone rubber, and silicone varnish arc already in
use. Under development are silicone wire enamel and silicone-bonded
mica. They are generally designated as class H insulation.

For apparatus having long service life, AIEE Standard 1 limits the
“hottest spot” temperature of impregnated ! coils as follows:

Class A insulation 105°C
Class B insulation 130°C
Class H insulation 200°C

Life test data are plotted in Fig. 36 for class A and class B insula-
tion. The temperature scale is special, based on T. W. Dakin’s data,?
showing that insulation life is proportional to the reciprocal of abso-
lute temperature. The two lines indicate how operating temperature
may be increased for a given life when class B insulation is used.
Equal life is obtained when class A insulation is operated at 105°C
maximum (40°C ambient, 55°C rise, 10°C hottest spot gradient), and
when class B insulation is operated at 130°C maximum (40°C ambient,
80°C rise, 10°C hottest spot gradient). Intermittent load tempera-
tures may be high for short periods. These periods are additive. For
example, class A insulation has approximately the same life whether
it is operated at 115°C continuously or half the time at 123°C and
half the time at 25°C. Figure 36 shows only the influence of tempera-
ture on insulation life. Life is further reduced by moisture, vibration,
and corona. It is thcrefore important that insulation be protected
against damage caused by all these factors. Such protection is dis-
cussed in Section 20.

18. Dielectric Strength. The usual figure given for dielectric strength
is the breakdown value in rms volts at 60 cycles in a 1-minute test.
It is not possible to operate class A insulation anywhere near this
value because of the cellular structure of all organic materials. Even
after these materials are treated with varnish, many small holes exist
throughout a coil structure which ionize and form corona at voltage

1 For the definition of impregnation, sce Section 20.

28ee “KElectrical Insulation Deterioration Treated as a Chemical Rate Phe-
nomenon,” by T. W. Dakin, Trans. AIEE, 67, 113 (1948).
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far below breakdown. With class A insulation (organic materials),
the designer must be governed more by resistance of the insulation
to corona over a long period than by breakdown strength of the in-
sulation in a 1-minute test. For example, a 20-mil thickness of
treated cloth will withstand 10,000 volts for 1 minute. However,

260 - - —+

240

~N I

220 \\ J i i i S ] 1 -
1]
w
w 200
€ N N
g \\ 4‘9\9

o
z 180 ~J s
g \ \0(47.
5 N oy
2 180 \%\9 \\
[+ 4
s

w
s s, 1 N
ri 24 N
= N N

140 o ‘N

120 \‘\

\\ N
~
100
i 10 100 1,000 10,000
LIFE IN DAYS

Frie. 36. Approximate life expectancy of electrical insulation.

corona starts at 1,250 volts, and operation at any higher voltage would
puncture the insulation in a few weeks. It is much wiser to keep a
reasonable margin, say 20 to 30 per cent, below the corona limit than
to use a fraction of the 1-minute breakdown test. Approximate volt-
ages at which corona is audible are plotted in Fig. 37 as a function of
insulation thickness.

Differences in hearing ability between persons make a corona meas-
urement desirable. This is done by means of the standard NEMA
circuit of Fig. 38.* With the transformer connected as shown, receiver

18ee “Radio Influence Characteristics of Electrical Apparatus,” by P. L. Bel-
laschi and C. V. Aggers, Trans. AIEE, 57, 626 (November, 1938).
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output meter is adjusted to half-scale by a volume control potentiom-
eter in the receiver. Next, the transformer is replaced by a modulated
1-mec signal generator, the output of which is varied until the noise
meter output is again half-scale. The signal generator output in micro-
volts is read on an attenuator; this is then a measurement of the corona
present.
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Fic. 37. Corona limit for treated cloth and paper.

Class B insulation can be worked much closer to the ultimate di-
electric strength, but the latter is less a factor in determining size than
creepage distance to the core. For mica an approximate working
voltage rule is 100 volts rms per mil thickness.

Insulated coils in air are subject to a two-dielectric effect that is
peculiarly troublesome. If the path of electric stress is partly through
solid material and partly through air, the air may be overstressed be-
cause it has the lower dielectric constant (unity, compared with 3 to 5
for most coil materials). If this condition exists, it is usually imprac-
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ticable to increase the air distance and so reduce the volts per inch
to a value below the corona limit. The addition of more solid insula-
tion over the whole coil may make it too large. Often the only feasible
remedy is to fill the air space with more solid material, either in the
form of filling compound or strips of insulation like micarta or press-
board.

It is important, when dealing with insulation voltage, to make a
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Fic. 38. Standard NEMA radio-influence measuring circuit.

distinction between test voltage and operating voltage. Of the two,
operating voltage is the better value to specify.

19. Creepage Distance. Although solid insulation dielectrie strength
is important, the usual bottleneck for high voltage is crcepage distance,
such as margins between wire and core along the layers of insulation,
or margins between lead joints and frame along the leads and coil
sides. A common way of increasing the direct creepage distance
across the margins is to use an insulating channel as in Fig. 39(a).
This is especially helpful when the part of the coil adjacent to the core
tongue is at low potential and the upper part is at high potential, as
in some plate transformers. When the whole coil is at high potential
it may be insulated by taping the coil, but taping is expensive and is
avoided wherever creepage safely provides the necessary insulation
strength.

Creepage distances over treated cloth or other organic material in
air are shown in Fig. 40 for breakdown voltages up to 100 kv. The
primary purpose of these curves is to find the proper margins for coils
adjacent to the core.
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Insulation between the start (or finish) turn of the first layer and
the core consists of creepage along the margin plus the thickness of
the coil form. This is not a relevant distance, however, if the coil lead
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Fi16. 39. (a) Use of insulating channel; (b) taped coil.

is brought across the margin and up the side of the coil. In such a
case, the only creepage distance is the thickness of the coil form.
In low-voltage coils this may be enough; in higher-voltage coils, a
barrier of insulating material is needed between the coil form and the
core, under the spot where the lead is brought out of the coil. Such a
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barrier is provided by outer insulation in Fig. 35. Dimensions of the
insulating barrier should be such that a distance at least equal to
the coil margin should intervene between the start lead and the core
in all directions and the thickness may be the same as the coil form.
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Fi1c. 40. Creepage curves in air over smooth organic insulation.

In any coil where the finish lead is at the top of the coil, there is
less difficulty in insulating the finish lead. The finish lead has a longer
creepage distance to the core if the height of the coil is a greater
distance than the margin. It is necessary to avoid using materials on
the sides of the coil which would result in any decrease of dielectric
strength. In this respect, the creepage strength of some materials with
high puncture strength is not good. The last layer of wire may be
insulated from the core with a channel as in Fig. 39(a).

When practical coil margins, even with barriers, are insufficient to
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support the induced or applied voltage, coils are taped as in Fig. 39(b).
Taping is the most time-consuming but the safest method of insulation.
Separate secondaries may be taped and then assembled over the pri-
mary. If the whole transformer winding is taped, the coil form must
be large enough to allow room for the taping between the core and
coil form. It is also important that the leads be taped, to prevent
breakdown from joints to ground.

Ordinarily, a winding is separated from the winding under it by
wraps of Kraft paper or other insulation. In the coil of Fig. 41 the
insulation thickness between winding 1 and winding 2 is shown divided
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F1c. 41. Adaptation of Fig. 40 for insulation between coils.

by an imaginary center line, With equal margins in the two windings,
the voltage stress is symmetrical about this center line. Margins
should be such that there is sufficient creepage distance, in conjunction
with one-half the insulation thickness, to withstand one-half the test
voltage between these adjacent windings. That is, when full test volt-
age i1s applied between the windings, only half of it appears between
the first layer of winding 1 and the center line of the insulation be-
tween the windings. If the margins arc uncqual, the sum of the two
margins, in conjunction with the total insulation thickness, should be
large enough to withstand the full test voltage, in accordance with
Fig. 40.

Coils may be divided into “part coils” or sections, to reduce insula-
tion stresses, but such coils should be closely integrated with the cireuit.
For this reason, part coils are discussed in later chapters.

20. Impregnation, After a coil is wound the best practice is to im-
pregnate it in some sort of insulating liquid which hardens after filling.
This is done for several reasons. First, it protects the wire from move-
ment and possible mechanical damage. Second, it prevents the en-
trance of moisture and foreign matter which might corrode the wire
or cause insulation deterioration. Third, it increases the dielectric
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strength of fibrous insulating materials. Fourth, it assists in heat dis-
sipation from the coil. Single-layer coils may be dipped in the liquid,
drained, and dried, but deeper, thicker coils require the use of vacuum
to remove air from the coil and admit the liquid to all parts of the
interior. The best mechanical result is obtained when coils are assem-
bled with cores before treatment.

Insulation is considered to be impregnated when a suitable sub-
stance replaces the air between its fibers, even if this substance does
not completely fill the spaces between the insulated conductors.

Coils having little or no temperature rise in normal use are impreg-
nated with chemically neutral mineral wax. The wax is melted in a
sealed tank and is drawn into another tank in which preheated coils
have been placed, and a vacuum is maintained. Coils are removed
from the tank, drained, and allowed to cool. Wax treatment provides
good dielectric qualities and moisture protection. It is a quick, simple
process.

Transformers having operating temperatures of 65°C or higher are
impregnated with varnish. Varnish of good grade and close control is
cssential to achieve thorough filling and dry coils after impregnation.
Oleoresinous varnishes, which polymerize to a hard state by baking,
are notably useful for the purpose. A high degree of vacuum, fresh
varnish, and accurate baking teinperature control are necessary for
good results. Plasticizers are sonetimes added to the varnish to pre-
vent brittleness in finished coils. Varnish may attack wire enamel
{which itself is a kind of varnish), and so the soaking and baking time
periods must be regulated carefully.

Varnishes for impregnation of clectrical coils have until lately been
diluted by solvents to lower the viscosity so as to permit full pene-
tration of the windings. When the coils are baked, the varnish dries
and the solvent is driven off. The drying leaves very small holes
through which moisture can penetrate and in which corona may form.
Eventually, the insulation deteriorates. It is, therefore, necessary to
allow large clearances for high voltages or to immerse the coils in oil.
Either of these alternatives increases the size of a high-voltage trans-
former in relation to that of a low-voltage transformer. For this rea-
son, solventless resins have come into use as filling compounds for dry-
type coils. They are known by trade names such as Fosterite, Para-
plex, and Stypol. These resins have the advantage of changing from
a liquid to a solid state by heat polymerization, so that small holes
formed by drying of the solvent are eliminated. Filling of the coil
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may be accomplished by casting the transformer in a mold, or by
encapsulation. Encapsulation is readily adapted to irregular coil sur-
faces and is accomplished by a leak-proof coat before filling. In either
process, a good vacuum is necessary to insure complete filling.

Stlicone materials are moisture-resistant. Basic insulation should
be inorganic, or silicone-treated cloth, tape, laminated sheets, and
tubes. Through the use of silicones, some transformers may be de-
signed to have very small dimcnsions for their ratings. This may be
achieved most successfully if the coil insulation comprises only sili-
cone or inorganic materials, including impregnation with silicone
varnish. Dielectric strength of silicones is about the same as class A
materials. Hence the thickness of silicone coil insulation is similar
to that for organic materials.

Continual development improves all classes of insulation; present A,
B, and H insulation classes may be superseded eventually by new
classes based entirely on functional evaluation. Life tests have been
proposed ' which classify a transformer according to its ability to
withstand the effects of voltage, moisture, and vibration, as well as
temperature.

In encased high-voltage units, air around the coils, bushings, and
leads is especially subject to the formation of corona. To reduce this
tendency, the containers are filled with asphaltic compound which re-
places the air with solid, non-ionizing material. A similar compound
is often used to fill containers of low-voltage transformers to avoid
the need for mechanically fastening the core to the case. This is a per-
missible practice if the melting point of the compound is higher than
the highest operating temperature and if its eracking point is below the
lowest operating temperature.

21. Oil Insulation. Although, in electronic apparatus, there is a
tendency toward the use of dry-type transformers, frequently voltages
are so high that air clearances are impracticable and oil-filled contain-
ers must be used. In Fig. 42 the curves show rms breakdown voltage
versus creepage distance under oil. An example will show the ad-
vantage of oil filling. From Figs. 40 and 42 it will be seen that 10-in.
creepage distance is required in air to withstand a 1-minute breakdown
test of 60 kv on insulation 0.5 in. thick, whereas in oil only 2-in.
creepage distance is required.

1See “Functional Evaluation of Insulation for Small Dry-Type Transformers

Used in Electronic Equipment,” by R. L. Hamilton and H. B. Harms, AIEE
Tech. Paper 54-121.
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Curves of Fig. 42 are for pressboard or Micarta under oil. Some
kinds of porcelain have less creepage strength than these materials.
On the other hand, some grades of glass and polystyrene are much
better and withstand 150 kv for 1 minute with 2 in. of creepage path.
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Fia. 42. Creepage curves of solid insulation under oil.

In high-voltage low-current power supplies, these special materials
are used to save weight and space. At 50 kv or more, sharp edges
and points should be avoided by the use of round terminals, leads, and
coils.

Only high grades of insulating oil are used for this purpose. Tests
are run continually to check condition of the oil. Oil is stored in such
a manner as to keep out moisture and dirt and avoid extremes of
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temperature. Where very high voltages are used, as in X-ray appara-
tus, oil filling is done under vacuum to remove air bubbles, and con-
tainers are sealed afterwards to prevent moisture from entering. Mica
insulation is not used in oil because oil dissolves flexible bonds.

Often a high-voltage transformer can be integrated with some other
component, such as a tube socket, capacitor, or another transformer.
This is desirable from the standpoint of space conservation, provided
that adequate clearances to the case are maintained. “Packaged”
power supplies are sometimes made in this fashion to facilitate assem-
bly and repair.

22. Size versus Rating. Core area depends upon voltage, induction,
frequency, and turns. For a given frequency and grade of core mate-
rial, core area depends upon the applied voltage. Window area de-
pends upon coil size, or for a given voltage upon the current drawn.
Since window area and core arca determine size, there i1s a relation
between size and v-a rating.

With other factors, such as frequency and grade of iron, constant,
the larger transformers dissipate less heat per unit volume than the
smaller ones. This is truc because dissipation area increases as the
square of the equivalent spherical radius, whereas volume increases as
its cube. Therefore larger units are more commonly of the open type,
whereas smaller units are totally enclosed. Where enclosure is feasi-
ble, it tends to cause size increase by limiting the heat dissipation.
Figure 43 shows the relation between size and rating for small, en-
closed, low-voltage, two-winding, 60-cycle transformers having Hi-
persil cores and class A insulation and operating continuously in a
40°C ambient. The size increases for the same volt-amperes over that
in Fig. 43 for any of the following reasons:

High voltage Silicon-steel cores
High ambient temperature Low regulation
Lower frequency More windings

The size decreases for

Higher frequencies Open-type units
Class B insulation Intermittent operation

If low-voltage insulation is assumed, two secondary windings reduce
the rating of a typical size by 10 per cent; six secondaries by 50 per
cent. The decreased rating is due partly to space occupied by insula-
tion and partly to poorer space factor. The effects of voltage, tem-
perature, and core steel on size have been discussed in preceding sec-
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tions. Frequency and regulation will be considered separately in suc-
ceeding chapters.

Open-type transformers like those in Iig. 8 have better heat dis-
sipation than enclosed units. The lamination-stacking dimension can
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Fic. 43. Size of enclosed 60-cycle transformers.

be made to suit the rating, so that one sizc of lamination may cover a
range of v-a ratings. IHeat dissipation from the end cases is independ-
ent of the stacking dimension, but that from the laminations is dircetly
proportional to it. This is shown in Fig. 44 for several lamination
sizes. TFor each size the horizontal line represents heat dissipation
from the end cases; the sloping line represents dissipation from end
cases, plus that from the lamination edges which is proportional to the
stacking dimension. At ordinary working temperature, heat is dis-
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sipated at the rate of 0.008 watt per square inch per centigrade degree
rise. In Fig. 44 the watts per centigrade degree of temperature rise
are given as a function of lamination stack. This refers to temperature
rise at the core surface only. In addition, there is a temperature
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Ific. 44. Heat dissipation from open-type transformers with end cases.

gradient between coil and core which is given in similar manner in
Fig. 45.

To find the average coil temperature rise, divide the copper loss by
the watts per centigrade degree from the sloping line of Fig. 45. To
this add the total of copper and iron losscs divided by the appropriate
ordinate from Fig. 44. That is, the total coil temperature rise is equal
to the sum of the temperature drop across the insulation (marked Cu-
Fe gradient in Fig. 45) and the temperature drop from the core to the
ambient air. Data like those in Figs. 44 and 45 can be established for
any lamination by making a heat run on two transformers, one having
a core stack near the minimum and one near the maximum that is
likely to be used. Usually stacking dimensions lie between the ex-
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tremes of 14 to 3 times the lamination tongue width, and poor use of
space results from stacking outside these limits. If end cases are
omitted, coil dissipation is improved as much as 50 per cent.

The same method can be used for figuring type C Hipersil core de-
signs; here the strip width takes the place of the stacking dimension
of punched laminations, and the build-up corresponds to the tongue
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I'16. 45. Winding-to-core gradient for open-tvpe transformers with end cases.
For lamination sizes, see Fig. 44.

width. When two cores are used, as in Fig. 14, the heating can be
approximated by using data for the nearest punching.

For irregular or unknown heat dissipation surfaces, an approxima-
tion to the temperature rise can be found from the transformer weight,
as derived in the next section.

23. Intermittent Ratings. It often happens that electronic equip-
ment is operated for repeated short lengths of time, between which
the power is off. In such cases the average power determines the heat-
ing and size. Transformers operating intermittently can be built
smaller than if they were operated continuously at full rating.

Intermittent operation affects size only if the “on” periods arc short
compared to the thermal time constant of the transformer; that is, small
transformers have less heat storage capacity and hence rise to final
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temperature more quickly than do large ones. It is important, there-
fore, to know the relation between size and thermal time constant, or
the time that would be required to bring a transformer to 63 per
cent of the temperature to which it would finally rise if the power were
applied continuously.

The exact determination of temperature rise time in objects such as
transformers, having irregular shapes and non-homogeneous mate-
rials, has not yet been attempted. Even in simple shapes of homo-
geneous material, and after further simplifying assumptions have been
made, the solution is too complicated ' for rapid calculation. How-
ever, under certain conditions, a spherical object can be shown to cool
according to the simple law: 2

3E!

9 = e or (28)

where § = temperature above ambient at any instant ¢
8o = initial temperature above ambient
E = emissivity in calories per second per centigrade degree per
square centimeter
p = density of material
¢ = specific heat of material
r = radius of sphere
e = 2718,

The conditions involved in this formula are that the sphere is so
small or the cooling so slow that the temperature at any time is sensibly
uniform throughout the whole volume. Mathematically, this is ful-
filled when the expression Er/k (where k is the thermal conduetivity
of the material) is small compared to unity. Knowing the various
properties of the transformer material, we can tell (1) whether the re-
quired conditions are met, and (2) what the thermal time constant is.
The latter is arrived at by the relation

l. = pero/3E (29)

where 7, i1s the radius of the equivalent sphere.
In order to convert the non-homogencous transformer into a homo-
geneous sphere the average product of density and specific heat pc is

LtSce The Mathematical Theory of Heat Conduction, by I.. R. Ingersoll and
0. J. Zobel, Ginn and Co., Boston, 1913, p. 142.
2 Ingersoll and Zobel, op. cit., p. 143.
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found. Figures on widely different transformers show a variation from
0.862 to 0.879 in this product; hence an average value of 0.87 can be
taken, with only 1 per cent deviation in any individual case.

Since the densities of iron and copper do not differ greatly, and in-
sulation brings the coil density closer to that of iron, it may be further
assumed that the transformer has material of uniform density 7.8
throughout. The equivalent spherical radius can then be found from

re = (Weight/1.073)% (30)

where 7, is in inches and weight is in pounds. The time constant is
plotted from equations 29 and 30 in terms of weight in Fig. 46.
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F1c. 46. Transformer time constant, or time required to reach 63 per cent of final
temperature.

The condition that Er/k be small compared to unity is approxi-
mated by assuming that k is the conductivity of iron—a safe assump-
tion, because the conductivity of copper is 7 to 10 times that of iron.
A transformer weighing as much as 60 1b has r, = 545 in., ¥ = 0.00028
cal per sec per sq em/°C, and k = 0.11. Changing r, to metric units
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gives Er/k = (0.00028 X 5.45 x 2.54)/0.11 = 0.34, which is small
enough to meet the necessary condition of equation 28.

It will be noticed that equation 28 is a law for cooling, not tempera-
ture rise. But if the source of heat is steady (as it nearly is) the equa-
tion can be inverted to the form 6, — 6 for temperature rise, and 6,
becomes the final temperature.

Temperature rise of a typical transformer is shown in Fig. 47, to-
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Fic. 47. Transformer temperature rise time.

gether with the exponential law which is 8, — 6, where 6 is the tem-
perature of equation 28. The actual rise is less at first than that of
the foregoing simplified theory, then more rapid, and with a more
pronounced ‘“knee.” The 63 per cent of final temperature is reached
in about 70 per cent of the theoretical time constant ¢, for transformers
weighing between 5 and 200 1b. This average correction factor is in-
cluded in Fig. 46 also.

If a transformer is operated for a short time and then allowed to
cool to room temperature before operating again, the temperature rise
can be found from Figs. 46 and 47. As an example, suppose that the
continuously operated final coil temperature rise is 100 centigrade
degrees, the total weight is 5 1b, and operating duty is infrequent
periods of 2 hr. From Fig. 46, the transformer has a thermal time
constant of 0.85 hr. This corresponds to ¢, = 1 in Fig. 47. Two hours
are therefore 2 <+ 0.85 == 2.35 times t,, and the transformer rises to
90 per cent of final temperature, or a coil temperature rise of 90 cen-
tigrade degrees, in 2 hr.

If, on the other hand, the transformer has regular off and on intervals,
the average watts dissipated over a long period of time govern the
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temperature rise. A transformer is never so small that it heats up
more in the first operating interval than at the end of many intervals.
From equation 30 can be found a relation between weight, losses,
and final temperature rise. For, since heat is dissipated at 0.008 watt
per sq in./°C rise, and the area Ag of the equivalent sphere is 4772,

o Total watts loss Total watts loss 31)
¢ 0.00845 B 01 <Total weight in pounds>%
' 1.073

where 6, is the final tempcrature rise in centigrade degrees. This equa-
tion is subject to the same approximations as equation 28; test results
show that it is most reliable for transformers weighing 20 b or more,
with 55°C temperature rise at 40°C ambient.



3. RECTIFIER TRANSFORMERS AND REACTORS

Rectifiers are used to convert alternating into direct current. The
tubes generally have two electrodes, the cathode and the anode. Both
high vacuum and gas-filled tubes are used. Sometimes for control
purposes the gas-filled tubes have grids, which are discussed in Chap-
ter 8.

A high-vacuum rectifier tube characteristic voltage-current curve is
shown in Fig. 48. Current flows only when the anode is positive with
respect to the cathode. The voltage on this curve

is the internal potential drop in the tube when cur-

rent is drawn through it. This voltage divided by /
the current gives effective tube resistance at any 1 /
point. Tube resistance decrcases as current in- /
creases, up to the emission limit, wherc all the e

electrons available from the cathode are used.
Filament voltage governs the emission limit and
must be closcly controlled. If the filament voltage
is too high, the tube life is shortened; if too low,
the tube will not deliver rated current at the proper voltage.

Gas-filled rectifier tubes have internal voltage drop which is virtually
constant and independent of current. Usually this voltage drop is
much lower than that of high vacuum tubes. Consequently, gas-
filled tubes are used in high power rectifiers, where high cfficiency and
low regulation are important. In some rectifiers, silicon or germanium
crystals or selenium disks are used as the rectifying elements.

In this chapter, the rectifier circuits are summarized and then
rectifier transformers and reactors are discussed.

24. Rectifiers with Reactor-Input Filters. Table VII gives com-
monly used rectifier circuits, together with current and voltage rela-
tions in the associated transformers. This table is based on the use of
a reactor-input filter to reduce ripple. The inductance of the choke is
assumed to be great enough to keep the output direct current con-
stant. With any finite inductance there is always some superposed

61

Fic. 48. High-vac-
uum rectifier volt-
age-current curve.
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ripple current which is neglected in the table, and which is considered
further in Chapter 4.

The single-phase half-wave rectifier ordinarily has discontinuous
output current, and its output voltage is therefore highly dependent
upon the inductance of the input filter choke. For this reason, the
currents and voltages are given for this rectifier without a filter.

The difference between primary and secondary v-a ratings in several
of these rectifiers does not mean that instantaneous v-a values are
different; it means that because of differences in current wave form
the rms values of current may be different for primary and secondary.

Unbalanced direct current in the half-wave rectifiers requires larger
transformers than in the full-wave rectifiers. This is partly overcome
in three-phase transformers by the use of zigzag connections. The
three-phase full-wave rectifier can be delta-connected on both primary
and secondary if desired; the secondary current is multiplied by 0.577
and the secondary voltage by 1.732. Anode windings have more turns
of smaller wire in the delta connection. Single-phase bridge and three-
phase full-wave rectifiers require notably low a-c voltage for a given d-¢
output, low inverse peak voltage on the tubes, and small transformers.

25. Rectifiers with Capacitor-Input Filters. When the filter has no
reactor intervening between rectifier and first capacitor, rectifier cur-
rent is not continuous throughout each cycle and the rectified wave
form changes. During the voltage peaks of each cycle, the capacitor
charges and draws current from the rectifier. During the rest of the
time, no current is drawn from the rectifier, and the capacitor dis-
charges into the load.

RECTIFIED VOLTAGE
REGTIFIED VOLTAGE W
Aiat ) / N/ \
Moty v \
1
i\
1

L

P —o ’a /\ /\
L b {1

¥
INPUT CURRENT
(a) (b)
F1a. 49. Voltage and current comparisons in reactor-input and capacitor-input
circuits.

Comparison between the rectified voltage of reactor-input and
capacitor-input filters in a single-phase full-wave rectifier may be secn
in Figs. 49(a) and (b), respectively. The two tube currents I; and
I, in (a) add to a constant d-c¢ output, whereas in (b} the high-peaked
tube currents flow only while the rectified voltage is higher than the
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average d-c voltage. Awerage current per tube in both cascs is half the
rectifier output. With large values of capacitance, the rectified voltage
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in Fig. 49(b) increases to within a few per cent of the peak voltage.
Ripple, average rectified voltage output, and rectifier current are
dependent on the capacitance, the supply line frequency, and the load
resistance. They are dependent also on rectifier internal resistance
because it affects the peak value of current which the filter capacitor
can draw during the charging interval Af.
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Analysis of this charge-discharge action involves complicated
Fourier series which require a long time to calculate.r Satisfactory
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voltage and current values have been obtained from experimental
measurements by Schade ? and are shown in Figs. 50, 51, and 52 for

1 See “Diode Rectifying Circuits with Capacitance Iilters,” by D. L. Waidelich,
Trans. AIEE, 61, 1161 (December, 1941).

2 “Analysis of Rectificr Operation,” by O. H. Schade, Proc. I.R.E., 31, 341
(July, 1943).
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single-phase half-wave and full-wave rectificrs. In these figures Rg is
the rectifier series resistance, including the transformer resistance.
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Results accurate to within 5 per cent are obtained if the rectifier re-
sistance corresponding to peak current Ip is used in finding Rg. The
process is cut-and-try, because Ip depends on Ry, and vice versa, but
two trials usually suffice. Resistance is in ohms, capacitance is in
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farads, and w is 2 times the supply frequency. Three-phase rectifiers
are rarely capacitor-input because of their larger power.

In Fig. 52 the peak current indicates whether the peak current of a
given tube is exceeded, and the rms current determines the transformer
secondary heating. The v-a ratings are greater, but ratios of primary
to secondary v-a ratings given in Table VII hold for capacitor-input
transformers also.

26. Voltage Doublers. To obtain more d-¢ output voltage from a
rectifier tube, the circuit of Fig. 53 is often used. With proper values
of circuit elements the output is nearly double the a-c¢ peak voltage.
Tube inverse peak voltage i1s little more than the d-¢ output voltage,
and no d-c¢ unbalance exists in the anode transformer. Current output
available from this circuit is less than from the single-phase full-wave
circuit for a given rectifier tube. Current relations are given in Fig. 52.

Voltage tripling and quadrupling circuits also are used, either to
increase the d-c¢ voltage or to avoid the use of a transformer.*

27. Filament Transformers. Low-voltage filament transformers are
used for heating tube filaments at or near ground potential. Often
the filament windings of several tubes are combined into one trans-
former. Somectimes this requires several secondary windings. In
terms of a single secondary transformer a 5 or 6 secondary unit requires
about 50 per cent greater size and weight. But these multiwinding
transformers are smaller than five or six separate units; this warrants
designing them specially in many instances.

Rectifier tube filaments often operate at high d-c¢ voltages and re-
quire windings with high voltage insulation. It is usually not feasible
to combine high-voltage windings with low-voltage windings when the
high voltage is more than 3,000 volts direct current because of insula-
tion difficulties, particularly in the leads. Large rectifier filaments are
usually heated by separate transformers; in polyphase rectifiers, all
tube filaments are at high voltage, and some secondary windings may
be combined. See the three-phase full-wave rectifier in Table VII,
where the +HV lead connects to a winding which heats the filaments
of threc tubes.

Low capacitance filament windings are sometimes required for high-
frequency circuits. The problem is not particularly difficult in small
v-a ratings and at moderate voltages. Here air occupics most of the
space between windings. In larger ratings the problem is more diffi-
cult, beeause the capacitance increases directly as the coil mean turn

L Sce “Analyses of Voltage Tripling and Quadrupling Circuits,” by D. L. Waide-
lich and H. A. Taskin, Proc. [.R.E., 33, 449 (July, 1945).
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length for a given spacing between windings. As voltage to ground
increases, there comes a point beyond which creepage effects necessitate
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oil-insulated windings, whereupon the capacitance jumps 2 to 1 for a
given size and spacing. There is a value of capacitance below which
it 1s impossible to go beeause of space limitations in the transformer.
What this value is in any given case may be estimated from the fact
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that the capacitance in puf of a body in free space is roughly equal
to one-half its largest dimension in centimeters.

Except for the differences just mentioned, the design of filament
transformers does not differ much from that of small 60-cycle power

Frc. 54. 15 kv filament transformer enclosed in insulating case.

transformers. The load is constant and of unity power factor. Leak-
age reactance plays practically no part, because of its quadrature rela-
tionship to the load. Output voltage may therefore be figured as in
Fig. 3(¢) (p. 8). It should be accurately calculated, however, to
maintain the proper filament emission and life.

When & tube filament is cold, the filament resistance is a small
fraction of its operating value. In large tubes it is often necessary to
protect the tube filaments against the high initial current they would
draw at rated filament voltage. This is done by automatically reduc-
ing the starting voltage through the use of a current-limiting trans-
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former having magnetic shunts between primary and secondary wind-
ings. The design of these transformers is somewhat special, and is
included in Chapter 8.

High-voltage filament transformers are sometimes mounted in an
msulating case, as in Fig. 54, with the tube socket on top. This ar-
rangement eliminates the need for high-voltage wiring between the
transformer and the tube, and provides the insulation for the socket.
The problem of air pockets at the base of high-voltage bushings is also
eliminated. It is still necessary to insulate well between windings and
to fill the case fully with insulating compound in order to eliminate
corona.

28. Filament Transformer Design. It is important that design work
be done systematically to save the designer’s time and to afford a
ready means of finding calculations at a later date. To attain these
ends a calculation form, such as that in Fig. 55, is used. The form is
usually made to cover several kinds of transformers, and only the
spaces applicable to a filament transformer are used.

Suppose that a transformer is required to supply filament power for
four single-phase full-wave rectifiers having output voltages of 2,000,
500, 250, and 250 volts, respectively, with choke-input filters, as follows:

Primary voltage 100
Frequency 60 cycles
Four secondaries for the following tube filaments:

2—872 tubes: 5 volts 13.5 amp Insulated for +2000 v d-c
2—866 tubes: 2.5 volts 10 amp Insulated for + 500 v d-c
1—5U4G tube: 5 volts 3 amp Insulated for + 250 v d-c
1—5Y3GT tube: 5 volts 2 amp Insulated for + 250 v d-c

Ambient temperature: 40°C

First comes the choice of a core. Data such as those in Fig. 43 are
helpful in this, and so is design experience in the modification of such
data by the specified requirements. The core used here is a 2-in. stack
of laminations A, Fig. 44, which is described more fully in Fig. 56, and
has enough heat dissipation surface for this rating. For silicon steel,
an induction of 70,000 lines per square inch is practical. The primary
turns can be figured from equation 4 by making the substitution
¢ = BA, and transposing to

E x 108

T 4.4474,B (82)

1
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where A, is the core cross-sectional area, or product of the core tongue
width and stack dimension, and B is the core induction. In this trans-
former, with 90 per cent stacking factor, A, = 2 X 0.9 X 1.375 = 2.48
sq in., and the primary turns are found to be 216.

2 v of Punchings A, Fiq.44 Flux Density Zq aaa Ltnes/in.
g xs0% Ll xVg = -
e X = 42 775,000 Vlz; * = Lkl
Primary /0o Volts (o Cy. 1Ins. Pri. 2/ %. #20en Mre
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Fi1a. 55. Filament transformer design calculations.

Below this calculation are set down the primary voltage and fre-
quency, and the voltage, current, volt-amperes, and insulation voltage
for all secondary windings. These are designated S; to S, for identifi-
cation. From the sum of the individual v-a figures, the transformer
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rating is found. To it is added an estimate of losses to obtain the
input volt-amperes, and the primary current.

Next an estimate of the regulation is made (10 per cent) and added
to unity to obtain the multiplier 1.1 in the estimate of secondary turns
near the top of the caleulation form. From the currents listed, the
wire size for each winding is chosen. Round enameled wire is used for
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Fia. 56. Dimensions and coil section of filament transformer.

each winding except S;, and for it No. 12 square wire is used to save
space. The largest wire 1s placed next to the coil form to prevent dam-
age in winding to the smaller wires.

The next task is to find out whether the wire chosen will fit in the
core window space. Winding height D is entered for each winding.
For each secondary this is the wire diameter, because the wire is
wound in 4 single layer. D for .S; is slightly larger than the wire dimen-
sion to allow for the bulge that occurs when square wire is wound.
The twelve turns of S; occupy about 114 in. of horizontal winding
space. The core window is 2%} in. wide. From this is subtracted
1% in. for clearance, leaving 214 in. total coil width. Margins on each
side of Sy are therefore 14 (214 — 174) = % in. According to Fig. 40
(p. 48) this provides over 8 kv breakdown strength, which is well above
the 5-kv test voltage for S;. Other secondary windings have lower
test voltages and wider margins, and hence have more than adequate
creepage distances,
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The 1 g-in.-thick Micarta rectangular tube used for the coil form
has a corona voltage of 2,700 rims, which affords about 23 per cent safety
factor over the normal operating voltage at the tube filaments. Over
S; are wound six wraps of 0.010-in.-thick treated cloth, which has
2,600-volt corona limit. Winding S» supplies a filament at 500 volts of
the same polarity as S;. Hence only 1,500 volts direct current or 1,660
volts alternating current occur across this insulation. At the right of
the small sketch in Fig. 55 are listed the number of wraps of 0.010-in.-
thick treated cloth over each section of winding. These are added to-
gether to give the columnar figure of 0.150 for I'C.

The primary winding is wound without layer insulation and with
an area space factor of 70 per cent. Cotton is wound in with the wire
to form walls 344 in. thick on either side of the primary; this accounts
for the low space factor and for the 134-in. winding traverse. The coil
is finished with two layers of treated cloth, a layer of 0.010-in. fishpaper
for mechanical protection, and a 0.025-in. serving of untreated cotton
yarn or tape to hold it together. The total winding adds up to 0.751
in., leaving 0.124 in. clearance, about the right allowance for winding
slack for four secondaries.

Mean turns are figured from equations 26 and 27, with 5 per cent
incremental increase in Ss, Ss, and S, for leads. With the mean turn
values the winding resistances, weights of copper, and IR and I°E for
each winding can be found. To S;, Sz, and S; winding resistance is
added lead resistance, and the lower figure is the sum of the two in each
case. Total copper loss is multiplied by 1.3 to correct for 75°C operat-
ing temperature. The core weight is 6.8 1b, and the gradc of steel used
has 1.17 watts per pound at 70,000 lines per square inch. This gives a
core loss of 8 watts, and a total of copper and core loss of 20 watts.
After these losses are divided by the appropriate ordinates from Figs. 44
and 45 (pp. 55 and 56) the coil temperature risc is figured at 48 centi-
grade degrecs, which is safe for class A insulation.

We know by now that the design is safe, but secondary voltages still
must be checked. The method of equation 13 is used. Output voltages
on first trial range from 0 to 4 per cent high. S, voltage is correct but
out of line with the rest. Changing Ss leads to a larger size makes the
per cent voltage drops more nearly alike, and increasing the primary
turns to 223 brings all output voltages to correct value within 1.2 per
cent. TFilament voltage should be kept within 2 per cent for these
tubes, to allow for meter error. Primary voltage per layer is checked
at the lower left; this is equivalent to 22.7 volts per mil of wire enamel,
which is safe practice.
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If the design were deficient in any respect, even down to the last
things figured, some change would have to be made which would re-
quire recalculation of all or part of the transformer; hence the impor-
tance of good estimating all the way along.

The filament transformer outlined above had a center tap (C.T.)
in each filament winding. Such taps are used with directly heated
cathodes, especially when plate current is large, to prevent uneven
distribution of filament emission. In windings for supplying filaments
of small tubes, center taps are sometimes omitted. Ripple in the
rectified output then increases, and transformer core flux density be-
comes asymmetrical. Whether these effects are permissible depends
on operating conditions. Usually plate current is much smaller than
filament current, so that center-tap leads may be smaller in copper
section than start and finish leads. A certain amount of space is
required for these leads; rectifier wiring is also more time-consuming
when there are center taps. Nevertheless, the extra work and size may
be justified by improved performance.

An even number of turns, such as were used in the transformer
windings deseribed in this section, results in center-tap placement on
the same coil end as the start and finish leads; if there were an odd
number of turns, the tap lead would be at the opposite end. In a
single-core, single-coil design, an odd number of turns cannot be center-
tapped exactly. Usually the unbalance caused by the tap being a half-
turn off center is not scrious, but it should not be disregarded without
caleulation.

29. Anode Transformers. Anode transformers differ from filament
transformers in several respects.

(a) Currents are non-sinusoidal. In a single-phase full-wave recti-
fier, for instance, current flows through one half of the secondary during
each positive voltage excursion and through the other half during each
negative excursion. For half of the time each half-secondary winding
is idle.

(b) Leakage inductance not only determines output voltage but also
affects rectifier regulation in an entirely different manner than with a
straight a-c load. This is discussed in Chapter 4.

(¢) Half-wave rectifiers carry unbalanced direet current; this may
necessitate less a-c¢ flux density, hence larger transformers, than full-
wave rectifiers. Unbalance in the three-phase half-wave type can be
avoided by the use of zigzag connections, but an increase in size over
full-wave results because of the out-of-phase voltages. These connec-
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tions are desirable in full-wave rectifiers when half voltage is obtained
from a center tap. Sce Table VIL

(d) Single-phase full-wave rectifiers with two anodes have higher
secondary volt-amperes for a given primary v-a rating than a filament
transformer. Bridge-type (four-anode) rectifiers have equal primary
and secondary volt-amperes, as well as balanced direct current, and
plate transformers for these rectificrs are smaller than for other types.
Three-phase rectifier transformers are smaller in total size but require
more coils. The three-phase full-wave type has equal primary and
secondary v-a ratings.

(e) Induced secondary wvoltage is much higher. Filament trans-
formers are insulated for this voltage but have a few secondary turns
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Fi6. 57. Dimensions and coil section of anode transformer. Construction shown
is for shell-type transformer with 2 Hipersil cores.

of large wire, whereas anode transformers have many turns of small
wire. For this reason the volts per layer are higher in anode trans-
formers, and core windows having proportionately greater height and
less width than those in Fig. 56 are often preferable. This trend runs
counter to the conditions for low leakage inductance and makes it
necessary to interleave the windings. Figure 57 shows the windings
of a single-phase full-wave rectifier transformer with the primary inter-
leaved betwcen halves of the secondary. This arrangement is espe-
cially adaptable to transformers with grounded center tap. The
primary-secondary insulation can be reduced to the amount suitable
for primary to ground. This is called graded insulation.

In large power rectifiers of the gas-filled or pool types, anode current
under short-circuit conditions may be very great, and anode trans-
former windings must be braced to prevent damage. If the conductors
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are small, solventless varnish is useful for solidly embedding the con-
ductors.

30. Leakage Inductance. Flux set up by the primary winding which
does not link the secondary, or vice versa, gives rise to leakage or self-
inductance in each winding without contributing to the mutual flux.
The greater this leakage flux, the greater the leakage inductance, be-
cause the inductance of a winding equals the flux linkages with unit
current in the winding. In Fig. 57, all flux which follows the core path
l, is mutual flux. Leakage flux is the relatively small flux which
threads the secondary winding sections, enters the core, and returns
to the other side of the secondaries, without linking the primary. The
same is true of flux linking only the primary winding. But it is al-
most impossible for flux to leave the primary winding, enter the core,
and re-enter the primary without linking part of the secondary also.
The more the primary and secondary windings are interleaved, the less
leakage flux there is, up to the limit imposed by flux in the spaces ¢
between sections. These spaces contain leakage flux also; indeed, if
there is much interleaving or if the spaces ¢ are large, most of the leak-
age flux flows in them. Large coil mean turn length, short winding
traverse b, and tall window height a all increase leakage flux.

Several formulas have been derived for the calculation of leakage
inductance. That originated by Fortescue * is generally accurate, and
errs, if at all, on the conservative side:

10.6N?MT(2nc + a)

Lg = 33
g 10°n%b 33)

where Lg = leakage inductance of both windings in henrys, referred to
the winding having N turns
MT = mean length of turn for whole coil in inches
n = number of dielectrics between windings (n = 2 in Fig. 57)
¢ = thickness of dielectric between windings in inches
a = winding height in inches
b = winding traverse in inches.

The greatest gain from interleaving comes when the dielectric thick-
ness ¢ is small compared to the window height; when nc is comparable
to the window height, the leakage inductance does not deerease much
as n is increased. It is often difficult to reduce the leakage inductance
which occurs in high-voltage transformers because of leakage flux in

I

1See Standard Handbook for Electirical Engineers, McGraw-Hill Book Co.,
New York, 1922, 5th ed., p. 413.
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spaces ¢. A small number of turns, short mean turn, and low, wide
core windows all contribute to a low value of leakage inductance.

31. Anode Transformer Design. Let the requirements of a rectifier
be

1,200 volts 115 ma rectifier d-c¢ output
Single-phase full-wave circuit with 866 tubes
Primary 115 volts 60 cycles

Rectifier regulation 5 per cent maximum
Ambient 55°C

To fulfill these requirements, a reactor-input filter must be used. If
1 per cent is allowed for reactor IR drop, a maximum of 4 per cent
regulation is left in the anode transformer. The approximate secondary
output voltage 1s 1,200 X 2.22 = 2,660, say 2,700 volts. The center tap
may be grounded. Suppose that a transformer like the one in Fig. 57
is used. The calculations are given in Fig. 58. The various steps are
performed in the same order as in filament transformers. The grain-
oriented type C core is worked at 38 per cent higher induction, with
but 60 per cent of the core loss of Fig. 55; its strip width is 214 in.,
build-up % in., and window 1 in. by 3 in. for each core loop. Note
the difference in primary and secondary volt-amperes and winding
heights. Since the primary and secondary are symmetrical about the
primary horizontal center line, they have the same mean turn length.
Losses and temperature rise are low. Regulation governs size. Sec-
ondary layer voltage is high enough to require unusually thick layer
paper. This coil is wound on a multiple-coil machine. Winding height
is figured on the basis of layer paper adequate for the voltage instead
of from Table VI (p. 39), but turns per layer are taken from this
table. Since adjacent layers are wound with opposite directions of
traverse, the highest voltage across the layer insulation is twice the
volts per layer. Layer insulation is used at 46 volts per mil in the
secondary; this counts the 1.7 mils of double enamel, which must
withstand impregnation without damage. Anode leads and margins
withstand 5 kv rms test voltage. Since the secondary center tap is
grounded, two thicknesses of 0.010-in. insulation between windings
are sufficient. Clearance of 0.253 in. allows room for in-and-out coil
taping.

Secondary leakage inductance, from equation 33, is

10.6 X 4,200% X 10.2(4 X 0.020 + 0.747)
4 % 2.375 X 10°

= (0.166 henry
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At 60 cyecles this is 6.28 % 60 X 0.166 = 63 ohms, which would be
240 ohms if the secondary were a single section, and which would
increase regulation as set forth in Chapter 4. The regulation caleu-
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Fie. 58. Anode transformer design calculations.

lated in Fig. 58 is that due to primary IR calculated in the normal
manner, plus I4, times one-half the secondary winding resistance.
When high voltage is induced in a winding, the layer insulation and
coil size may often be reduced by using the scheme shown in Fig. 59.
This is applicable to a plate transformer of the single-phase full-wave
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type with center tap grounded. It then becomes practical to make the
secondary in two separately wound vertical halves or part coils. One
of the part coils is assembled with the turns
in the same direction as those of the primary, Quseo)
and the other part coil is reversed so that the . CFIN

PRESSBOARD SPACER

turns are in the opposite direction. The two s s
start leads are connected together and to  aSI4ST
ground as in Fig. 59. It is neccssary then P

to provide only sufficient insulation between N oL Form

windings to withstand the primary test volt-
age. Channels may be used to insulate the
secondaries from the core. With higher volt-
ages, it may be necessary to provide pressboard spacers between the
secondary part coils, or to tape the secondary coils separately, but
margins must be provided sufficient to prevent crcepage across the
edges of the spacers.

32. Combined Anode and Filament Transformers. Anode and fila-
ment windings are combined into a single transformer mainly in low-
power ratings such as those in receivers and grid bias power supplies.

I16. 59. Anode transformer
with C.T. grounded.

6 2Xx2
20,000 n
1 2 MA.
D.C.LOAD
1700 V.D.C.
15V,
50/60 CY.

1

Fie. 60. Power supply transformer.

One widely used combination includes the anode and filament windings
for a rectifier and a filament winding for the amplifier tubes. Figures
60 and 61 show how winding insulation sometimes may be graded to
require a minimum of insulation and space. The high-voltage filament
winding 8; is placed over the coil form to take advantage of its thick
insulation. Layer insulation is sufficient between S; and Sz, and be-
tween S, and S;. Over and under the primary winding is 115-volt
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insulation. Thus Fig. 61 is a high-voltage transformer with no high-

voltage insulation in it except what is incidental to the coil form.
Combined anode and filament transformers are difficult to test for

regulation or output voltage aside from operation in the rectifier cir-

cuit itself, because a-c loads do not

S I 2 duplicate rectifier action. Most trans-
ss | 3 formers of this kind are used in recti-
S2 fiers with capacitor-input filters or
o coL ForM  with fixed loads in which regulation is
not important.
6 == Ratings are easier to predict.
— s2 —f— Anode secondary v-a rating is the
§3 ] product of rms voltage and current,
P but the corresponding portion of pri-
Fic. 61. Winding arrangement to 18Ty V-a rating depends on the reeti-

fier and is found as mentioned in
Sections 24 and 25. To this i1s added
the sum of filament winding v-a ratings, and the primary current can
then be calculated from the total volt-amperes.

33. Power Supply Frequency. Foregoing examples were based on a
60-cycle supply. Twenty-five-cycle transformer losses are lower for a
given induction. It follows that induction can be increased somewhat
over the 60-cycle value, but saturation currents prevent a decided
increase. Larger size results, nearly 2:1 in volume. Otherwise 25-
cycle transformers are not appreciably different from 60-cycle trans-
formers.

Power supply frequencies of 400 and 800 cycles are used mainly in
aircraft and portable equipment to save weight and space. Silicon-
steel core materials 0.005 in. thick are principally used at these fre-
quencies to reduce eddy currents. Losses at 400 and 800 cycles for
three core materials are shown in Fig. 62. These losses can be the con-
trolling factors in determining transformer size, because a given mate-
rial saturates at nearly the same induction whether the frequency
is 60 cycles or 800 cycles, but the core loss is so high at 800 cycles that
the core material cannot be used near the saturation density. The
higher the induction the higher the core heating. For this reason,
class B insulation can be used in many 400- and 800-cycle designs to
reduce size still further. If advantage is taken of both the core mate-
rial and insulation, 800-cycle transformers can be reduced to 10 per
cent of the size of 60-cycle transformers of the same rating. Typical

save Insulation.
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Fic. 62. Silicon-steel core loss at 400 and 800 cycles.

combinations of grain-oriented core material and insulation are as
follows:

Strip Class of  Operating
Frequency  Thickness B-Gauss Insulation Temperature
60 0.014 15,000 A 95°C
400 0.005 12,500 B 140°C
800 0.005 8,500 B 140°C

In very small units, these flux densities may be used at lower tem-
peratures and with class A insulation because of regulation. The
special 4-mil steel developed for 400 cycles makes possible size reduc-
tion comparable to that for 800 cycles. The necessity for small di-
mensions, especially in aircraft apparatus, continually increases the
tendency to use materials at their fullest capabilities.

Many small 60-cycle transformers have core loss which is small com-
pared to winding or copper loss. This condition occurs because in-
ductance is limited by exciting current rather than by core loss. As
size or frequency increases, this limitation disappears, and core loss is
limited only by design considerations. Under such circumstances, the
ratio of core to copper loss for maximum rating in a given size may be
found as follows. Let
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W, = core loss
W, = copper loss
K, K, ete. = constants
E = secondary voltage
I = secondary current

For a transformer with a given core, winding, volt-ampere rating, and
frequency, W, =~ K E®. For a given winding, W, = K,I%. Also, for a
given size, W, + W, = K3, a quantity determined by the permissible
temperature rise. Hence the transformer volt-ampere rating is approx-

imately
[W. W
El= |[——
K\K,

= KNV WKy — W)

For a maximum, the rating may be differentiated with respect to W,
and the derivative equated to zero:

0= K3 - 2We
whence
We = 1(3/2

so that W, = K3/2, or copper and core losses are equal for maximum
rating.

Although this equality is not critical, and is subject to many limi-
tations such as core shape, voltage rating, and method of cooling, it
does serve as a guidepost to the designer. If a transformer design is
such that a large disparity exists between core and copper losses, size
or temperature rise often may be reduced by a redesign in the direc-
tion of equal losses.

34. An 800-Cycle Transformer Design.

Primary 120 volts 800 cycles
Rectifier to deliver 0.2 amp at 450 volts using 5U4G in single-
phase full-wave circuit with 0.5-ufd capacitor input filter.

Figures 51 and 52 tell whether the product oCRy will produce the
necessary d-c¢ output without exceeding the rectifier tube peak inverse
voltage rating and peak current rating.

wCRy, = 6.28 X 800 X 0.5 X 107° X (450/0.2) = 5.65

For Rg assume a peak current of 0.5 amp. Average anode character-
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istics show 97 volts tube drop, or 97 + 0.5 = 194 ohms at peak current.
Rs/Rr = 194/2,250 = 0.086. Add 5 per cent for transformer windings;
estimated Rg/R; = 13.6 per cent.

Check on Peak Current from Fig. 52.

nwCRy = 11.3

A

I, =5, =5X0.1=0.5amp

the peak value assumed. Rms current in tube plates and secondary
windings is 2 X 0.1 = 0.2 amp. Output voltage, from Fig. 51, is 0.69
peak a-c voltage per side. Hence secondary rms voltage per side is
450 % 0.707 = 0.69 = 460 volts, and secondary volt-amperes = 2 X
460 X 0.2 = 184. The anode transformer must deliver 2 x 460 = 920
volts at 0.2 amp rms. Primary volt-amperes = 0.707 X 184 = 130.

Inverse peak voltage is the peak value of this voltage plus the d-c
output, because the tube filament is at d-c¢ value, plus a small amount
of ripple, while one anode has a maximum of peak negative voltage,
during the non-conducting interval. Thus peak inverse voltage is
460 X 1.41 4 450 = 1,100 volts, which is within the tube rating.

Choice of core for this transformer is governed by size and cost con-
siderations. Assume that the core works at 8,500 gauss. The loss per
pound for 0.005-in. silicon steel and grain-oriented steel is 12.2 and 6.6,
respectively. (See Fig. 62.) But punchings have 80 per cent stacking
factor, whereas the type C core has 90 per cent. In this thickness
0.005-in. grain-oriented steel compares still better with ordinary silicon
steel than Fig. 62 would indicate and so will be used for the core.

Let two type C cores be used with the following dimensions:

Strip width 34 in. Window height 34 in.
Build 3¢ in. Window width 114 in.
Total net core area 0.506 sq in. Core weight 0.75 b

Turns could be figured from equation 32, except that the induction is
in gauss. Since many core data are given in gauss, equation 32 is
changed for convenience to
3.49F X 10°
Ni=—"—77— (34)
JA.B

where dimensions are in inches and B is in gauss. Primary turns are
then
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3.49 X 120 X 106
800 X 0.506 X 8500

Final design figures are:

Primary 122 turns No. 26 glass-covered wire d-c resistance 1.8 ohms
Secondary 900 turns No. 29 glass-covered wire d-c resistance 38 ohms

Primary copper loss at 100°C = 3.35 watts
Secondary copper loss at 100°C = 2.04 watts
Core loss 6.6 X 0.75 = 4.95 watts

Total losses 10.34 watts

With an open-type mounting and mica insulation this transformer
has a temperature rise of 75 centigrade degrees.

35. Polyphase Transformers. In large power rectifiers three-phase
supplies are generally used. Accurate phase voltages must be main-
tained to avoid supply frequency ripple in the output. Delta-con-
nected primaries are shown in Table VII for the various rectifiers;
these are preferable to open-delta because phase balance is better, and
to Y-connections because of possibly high third harmonics. Open-
delta connections require only two single-phase transformers instead of
three, but a similar saving may be had by using a single core-type
three-phase unit which retains the phase-balance advantage. The
main drawback to a three-phase core is its special dimensions. Often,
to use standard parts, three single-phase units are employed in the
smaller power ratings. But if the power is hundreds or thousands of
kilowatts, the cores are built to order, and the weight saving in a three-
phase core is significant.

Two- and three-phase filament transformers are used with output
tubes for large broadcast stations to heat filaments uniformly and re-
duce hum in the r-f output.

36. Design Chart. In preceding sections, it has been stated that
special conditions require tailored designs. Windings for simple low-
voltage 60-cycle transformers may be chosen from the chart of Fig. 63.
This chart is based upon the following conditions:

a) Two untapped concentric windings; primary wound first.
b) Operating voltage in both windings less than 1,000 volts.
¢) Power supply frequency 60 cycles.

d) Maximum temperature rise 40°C in 65°C ambient.

e) Resistive loads.

(
(
(
(
(
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(f) Equal I?R losses in primary and secondary.
(g) Solventless resin impregnated coils.

(h) Open-type assemblies like those of Fig. 15.
(z) Grain-oriented silicon-steel cores.

It was found that 40°C rise in the four smallest sizes resulted in
excessive voltage regulation. For example, a small filament trans-
former would deliver correct filament voltage at room ambient tem-
perature of 25°C, but at 105°C this voltage dropped to less than the
published tube limit. Hence the winding regulation in the two smallest
transformers was limited to 15 per cent, and in the next two larger sizes
to 10 per cent. In still larger sizes, the 40°C temperature limit held the
regulation to less than 10 per cent.

In using the chart, ratings rarely fall exactly on the v-a values
assigned to each core. Hence a core is generally chosen with some-
what greater than required rating. Lower regulation and temperature
rise than maximum then result. Wire size in quadrant I also increases
in discrete sizes, and if the chart indication falls between two sizes the
smaller size should be used.

Instructions for Using Fig. 63.

1. Choose a core from Table VIIT which has a v-a rating equal to
or greater than that required.

2. From rated primary and secondary voltages, find number of
turns for both windings in quadrant IV.

3. From rated primary and secondary currents, find wire size for
both windings in quadrant 1.

4. Project turns across to quadrant II1 to obtain winding resistances.

TasrLe VIII. TransrORMER SIZE, RATING, AND REGULATION

Maximum % Total

V-A Regu- Weight Overall Dimen-

Core Rating lation (Ib) sions (inches)
1 5 15 0.38 13 X 1% X 1%
2 10 15 0.68 12 X 236 X 134
3 25 10 1.2 21 X 2% X 2Y
4 50 10 2.2 215 X 315 X 215

5 100 8 3.8 314 X 33 X3
6 200 6 6.4 3% X 434 X 3%

7 350 4 11.0 43 X 5% X 4

8 500 3 15 S5le X 6 X5
9 1,000 2.2 2 574 X 634 X 614
10 1,600 1.8 36 T X 8Y X7%

11 3,200 1.2 75 934 X 1234 X 8
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Fic. 63. Low-voltage 60-cycle transformer design chart.
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Departures from the assumed conditions preclude direct application
of Fig. 63, but the chart is still useful as a starting point in design.
For some common modifications, the following notes apply:

1. For each additional secondary winding reduce core maximum
rated volt-amperes by 10 per cent. Choose wire size from quadrant II.

2. For 50-cycle transformers, reduce core maximum rated v-a 10
per cent.

3. When permissible temperature rise is higher than 40°C, core maxi-

mum volt-amperes equal (v-a in table) X \/temperature rise/40°C.

Exzample. A transformer is required for 115/390 volts, 60 cycles, to de-
liver 77 volt-amperes. This rating falls between the maxima for cores 4 and
5. Using core 5 at 115 volts, we read, from Fig. 63, for the primary, 440
turns of No. 22 wire and 3 ohms d-c resistance; for the secondary, 1,700 turns
of No. 27 wire and 40 ohms d-c resistance.

37. Reactors. Reactors are used in electronic power equipment to
smooth out ripple voltage in d-c¢ supplies, so they carry direct current
in the coils. It is common practice to build such reactors with air gaps
in the core to prevent d-c saturation. The air gap, size of the core,
and number of turns depend upon three interrelated factors: induect-
ance desired; direct current in the winding; and a-c¢ volts across the
winding.

The number of turns, the direct current, and the air gap determine
the d-c¢ flux density, whereas the number of turns, the volts, and the
core size determine the a-c flux density. If the sum of these two flux
densities exceeds saturation value, noise, low inductance, and non-
linearity result. Therefore a reactor must be designed with knowledge
of all three of the conditions above.

Magnetic flux through the coil has two component lengths of path:
the air gap l,, and the length of the core l,. The core length [, is much
greater geometrically than the air gap I, as indicated in Fig. 57, but
the two components do not add directly because their permeabilities
are different. In the air gap, the permeability is unity, whereas in the
core its value depends on the degree of saturation of the iron. The
effective length of the magnetic path is I, + (lo/p), where p is the
permeability for the steady or d-¢ component of flux.

Reactor design is, to a large extent, the proportioning of values of air
gap and magnetic path length divided by permeability. If the air
gap is relatively large, the reactor inductance is not much affected by
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changes in p; it is then called a linear reactor. If the air gap is small,
changes in x due to current or voltage variations cause inductance to
vary; then the reactor is non-linear.

When direct current flows in an iron-core reactor, a fixed magnetizing
force Hgy, is maintained in the core. This is shown in Fig. 64 as the
vertical line Hg, to the right of zero A in a typical a-c hysteresis loop,
the upper half DB,, D’ of which corresponds to that in Fig. 21. Incre-
ment AH of a-¢c magnetization, su-

erposed on Hy,, causes flux den- B

Sitypincrement AB, with permeabil- — AH 4"
ity ua equal to the slope of dotted l

line AB,,. AB is twice the peak
a-¢ induction B,.. It will be re-
called from Fig. 19 that the nor-
mal induction curve OB,, is the lo-
cus of the end points of a series of
successively smaller major hystere-
sis loops. Since the top of the mi-
nor loop always follows the left side
of a major loop, as H, is reduced in
successive steps the upper ends of
corresponding minor loops termi-
nate on the normal induction curve. TFic. 64. Incremental permeability with

Dotted-line slopes of a series of different amounts of d-c magnetization.
minor loops are shown in Fig. 64,
the midpoints of which are C, ¢’, ", and C"””. Increment of induction
AB is the same for each minor loop. It will be seen that the width of
the loop AH is smaller, and hence ua is greater, as Hg, is made smaller.

Midpoints C, €”, etc., form the locus of d-c¢ induction. The slope of
straight line OC is the d-c permeability for core magnetization Hy,. It
is much greater than the slope of AB,,. Hence incremental permeability
is much smaller than d-c permeability. This is true in varying degree
for all the minor loops. The smaller AB is, the less the slope of a minor
loop becomes, and consequently the smaller the value of incremental
permeability pa. The curve in Fig. 65 marked p is the normal per-
meability of 49 silicon steel for steady values of flux, in other words,
for the d-¢ flux in the core. It is 4 to 20 times as great as the incre-
mental permeability ua for a small alternating flux superposed upon the
d-c¢ flux. The ratio of u to ua gradually increases as d-¢ flux density
Increases.
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Because of the low value of pa for minute alternating voltages, the
effective length of magnetic path [, + (I./ua) is considerably greater for
alternating than for steady flux. But the inductance varies inversely as
the length of a-c flux path. If, therefore, the incremental permeability
is small enough to make [,/ua large compared to I, it follows that small
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Fic. 65. Normal and incremental permeability of 49 silicon steel.

variations in I, do not affect the inductance much. For this reason the
exact value of the air gap is not important with small alternating
voltages.

Reactor size, with a given voltage and ratio of inductance to resist-
ance, is proportional to the stored energy LI?. For the design of reac-
tors carrying direct current, that is, the selection of the right number
of turns, air gap, and so on, a simple method was originated by C. R.
Hanna.! By this method, magnetic data are reduced to curves such as
Fig. 66, plotted between LI?/V and NI/l from which reactors can be
designed directly. The various symbols in the coordinates are:

1“Design of Reactances and Transformers Which Carry Direct Current,” by
C. R. Hanna, J. AIEE, /6, 128 (February, 1927).



RECTIFIER TRANSFORMERS

AND REACTORS

91

L = a-c inductance in henrys A, = cross section of core in square
I = direct current in amperes inches
V = volume of iron core in cubic inches l; = length of core in inches
= AJ. (see Fig. 57 for core dimen- N = number of turns in winding
sions) ly = air gap in inches
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Fic. 66. Reactor energy per unit volume versus ampere-turns per inch of core.

Each curve of Fig. 66 is the envelope of a family of fixed air-gap
curves such as those shown in Fig. 67. These curves are plots of data
based upon a constant small a-c¢ flux (10 gauss) in the core but a large
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and variable d-c flux. Each curve has a region of optimum usefulness,
beyond which saturation sets in and its place is taken by a succeeding
curve having a larger air gap. A curve tangent to the series of fixed
air-gap curves is plotted as in Fig. 66, and the regions of optimum use-

xi0?
16
/
14 4
4
& /é:
2
12 b i
/
Y |
0 . v B —
Y! £ A
I ‘ % -
8 7
p
L]
5 A

4
ﬁ%/ A- ZERO AIR GAP
B- 0004"AIR GAP _|

-
2 >
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Fic. 67. Fixed air-gap curves. For By, > B,,, air gap is not critical.
fulness are indicated by the scale l,/l.. Hence Fig. 66 is determined
mainly by the d-¢ flux conditions in the core and represents the most
LI? for a given amount of material.

Figure 67 illustrates how the exact value of air gap is of little con-
scquence in the final result. The dotted curve connecting B and C is
for a 6-mil gap. Point Y’ represents the maximum inductance that
could be obtained from a given core for NI/l = 19. Point Y is the
inductance obtained if a gap of either 4 or 8 mils is used. The differ-
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ence in inductance between Y and Y’ is 4 per cent, for a difference in
air gap of 33 per cent.

An example will show how easy it is to make a reactor according to
this method.

Ezample. Assume a stack of silicon-steel laminations having a cross section
7§ in. by 74 in., and with iron filling 92 per cent of the space. The length of
the flux path [, in this core is 714 in. It is desired to know how many turns of
wire and what air gap are necessary to produce 70 henrys when 20 ma direct
current are flowing in the winding.

This problem is solved as follows:

A, = (0.875)% X 0.92 = 0.71 sq in.
V=071X75=253

LI* 70 X 4 X 10~

= 5 10—
& 53 53 X 10

In Fig. 66 the abscissa corresponding to LI%/V = 53 X 104 is NI/l. = 25
for silicon steel. The ratio of air gap to core length /,/l. is hetween 0.0005 and
0.001.

25

N1/,

N

(25 X 7.5)/0.020 = 9,350 turns

The total air gap is nearly 0.001 X 714 or 7.5 mils; the gap at each joint is half
of this value, or 3.75 mils.

The conditions underlying Hanna’s method of design are met in
most applications. In receivers and amplifiers working at low audio
levels, the alternating voltage is small and hence the alternating flux
is small compared to the steady flux. Iven if the alternating voltage is
of the same order as the direct voltage, the alternating flux may be
small, especially if a large number of turns is nccessary to produce the
required inductance; for a given core the alternating flux is inversely
proportional to the number of turns. D-c¢ resistance of the coil is
usually fixed by the regulation or size requirements. Heating seldom
affects size.

38. Reactors with Large A-C Flux. With the increasing use of
higher voltages, it often happens that the a-c¢ flux is no longer small
compared to the d-c¢ flux. This occurs in high-impedance circuits where
the direet current has a low value and the alternating voltage has a
high value. The inductance increases by an amount depending on the
values of a-¢ and d-c fluxes. Typical increase of inductance is shown



94 ELECTRONIC TRANSFORMERS AND CIRCUITS

in Fig. 68 for a reactor working near the saturation point. Increasing
a-c flux soon adds to the saturation, which prevents further inductance

40
| ]
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20 l/ DATA TAKEN AT % =10, i—-i : 0005 REF. FIG. 51
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. |
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Fic. 68. Increase of inductance with a-c¢ induction.

increase and accounts for the flattening off in Fig. 68. Saturation of
this sort may be avoided by limiting the value of the d-¢ flux.
To illustrate the effect of these latter conditions, suppose that a

Bm

Hcho L

Fia. 69. Change of per-
meability with a-c¢ in-

duction.

reactor has already been designed for negligibly
small alternating flux and operates as shown by
the minor loop with center at G, Fig. 69. With-
out changing anything else, suppose that the
alternating voltage across the reactor is greatly
increased, so that the total a-c¢ flux change is
from zero to B,. (Assume that the reactor still
operates about point GG.) The hysteresis loop,
however, becomes the unsymmetrical figure
OB,,D’0. The average permeability during the
positive flux swing is represented by the line
G B, and during the negative flux swing by OG.
The slope of GB,, is greater than that of the

minor loop; hence, the first effect exhibited by the reactor is an increase

of inductance.

The increase of inductance is non-linear, and this has a decided
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effect upon the performance of the apparatus. An inductance bridge
measuring such a reactor at the higher a-c¢ voltage would show an in-
ductance corresponding to the average slope of lines OG and GB,.
That is, the average permeability during a whole cycle is the average
of the permeabilities which obtain during the positive and negative
increments of induction, and it is represented by the average of the
slopes of lines OG and GB,,. But if the reactor were put in the filter
of a rectifier, the measured ripple would be higher than a calculated
value based upon the bridge value of inductance. This occurs be-
cause the positive peaks of ripple have less impedance presented to
them than do the negative peaks, and hence they create a greater
ripple at the load. Suppose, for example, that the ripple output of the
rectifier is 500 volts and that this would be attenuated to 10 volts
across the load by a linear reactor having a value of inductance corre-
sponding to the average slope of lines OG and GB,. With the reactor
working between zero and B, suppose that the slope of OG is 5 times
that of GB,. The expected average ripple attenuation of 50:1 be-
comes 16.7:1 for positive flux swings, and 83.3:1 for negative, and the
load ripple is

1 /500 500

5(@*533

or an increase of nearly 2:1 over what would be anticipated from the
measured value of inductance.

This non-linearity could be reduced by increasing the air gap some-
what, thereby reducing Hg. Moreover, the average permeability in-
creases, and so docs the inductance. It will be apparent that decreas-
ing H, further means approaching in value the normal permeability.
This can be done only if the maximum flux density is kept low enough
to avoid saturation. Conversely, it follows that, if saturation is present
in a reactor, it is manifested by a decrease in inductance as the direct
current through the winding is increased from zero to full-load value.

In a reactor having high a-c¢ permeability the equivalent length of
core l,/p 1s likely to be small compared to the air gap l,. Hence, it is
vitally important to keep the air gap close to its proper value. This is,
of course, in marked contrast to reactors not subject to high a-c¢ indue-
tion.

If a choke is to be checked to sec that no saturation effects are
present, access must be had to an inductance bridge. With the proper
values of alternating voltage across the reactor, measurements of in-
ductance can be made with various values of direct current through it.

) = 18 volts
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If the inductance remains nearly constant up to normal direct current,
no saturation is present, and the reactor is suitable for the purpose.
If, on the other hand, the inductance drops considerably from zero
direct current to normal direct current, the reactor very probably is
non-linear. Increasing the air gap may improve it; otherwise, it
should be discarded in favor of a reactor which has been correctly de-
signed for the purpose.

Filter reactors subject to the most alternating voltage for a given
direct voltage are those used in choke-input filters of single-phase recti-
fiers. The inductance of this type of reactor influences the following:

Value of ripple in rectified output.

No-load to full-load regulation.

Transient voltage dip when load is suddenly applied, as in keyed
loads.

Peak current through tubes during each cycle.

Transient current through rectifier tubes when voltage is first applied
to rectifier.

It is important that the inductance be the right value. Several of
these effects can be improved by the use of swinging or tuncd reactors.
In a swinging reactor, saturation is present at full load; therefore the
inductance is lower at full load than at no load. The higher inductance
at no load is available for the purpose of decreasing voltage regulation.
The same result is obtained by shunt-tuning the reactor, but here the
inductance should be constant from no load to full load to preserve
the tuned condition.

In swinging reactors, all or part of the core is purposely allowed to
saturate at the higher values of direct eurrent to obtain high inductance
at low values of direet current. They are characterized by smaller
gaps, more turns, and larger size than reactors with constant induct-
ance ratings. Sometimes two parallel gaps are used, the smaller of
which saturates at full direct current. When the function of the reac-
tor is to control current by means of large inductance changes, no
air gap is used. Design of such reactors is discussed in Chapter 9.

The insulation of a reactor depends on the type of rectifier and how
it 1s used in the circuit. Three-phase rectifiers, with their low ripple
voltage, do not require the turn and layer insulation that single-phase
rectifiers do. If the reactor is placed in the ground side of the circuit
one terminal requires little or no insulation to ground, but the other
terminal may operate at a high voltage to ground. In single-phase
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rectifiers the peak voltage across the reactor is E4, so the equivalent
rms voltage on the insulation is 0.707E,. But for figuring B, the
rms voltage is 0.707 X 0.67E;. Reactor voltages are discussed in
Chapter 4.

39. Linear Reactor Design. A method of design for linear reactors
is based on three assumptions which are justified in the foregoing:

(a) The air gap is large compared to l,/u, u being the d-c¢ per-
meability.

(b) A-c flux density depends on alternating voltage and frequency.

(¢) A-c and d-c¢ fluxes can be added or subtracted arithmetically.

From (a) the relation B = uH becomes B = H. Because of fringing
of flux around the gap, an average of 0.85B crosses over the gap. Hence
By, = 047N 1,4./0.85l,. With [, in inches this becomes

By, = 0.6N 14 /1, gauss 35
Transposing equation 34
Bae = (3.49E X 10%/fA.N gauss (36)

The sum of B,, and By, is Bmax, which should not exceed 11,000 gauss
for 49, silicon steel, 16,000 gauss for grain-oriented steel, or 10,000
gauss for a 509, nickel alloy. Curves are obtainable from steel manu-
facturers which give incremental permeability us for various combina-
tions of these two fluxes. Figure 70 shows values for 49 silicon steel.

By definition, inductance is the flux linkages per ampere or, in cgs
units,

¢Ar BUCAC'N
1087y, 10%]
But
04xNTy,
* Zg + (lc/#A)
If this is substituted in equation 37
3.19N%4, X 1078
= lienrys (38)

Zg -+ (lc/ﬂA)

provided that dimensions are in inches. The term A, in equation 38 is
greater than in equation 36 because of the space factor of the lamina-
tions; if the gap is large A, is greater still because the flux across it
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fringes. With large gaps, inductance is nearly independent of ua, at
least with moderate values of Buma.x. With small gaps, permeability
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Fig. 70. Incremental permeability for 4% silicon steel with high a-c¢ induction.

largely controls. There is always a certain amount of gap even with
punchings stacked alternately in groups of 1. Table IX gives the ap-
proximate gap equivalent of various degrees of interleaving laminations
for magnetic path [, of 5.5 in.
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TasLe IX. EQUIVALENT GAPS WITH INTERLEAVED LAMINATIONS

0.014-in. Laminations Equivalent Air Cap in Inches
Alternately Stacked (Total) with Careful Stacking

In groups of 1 0.0005

In groups of 4 0.001

In groups of 8 0.002

In groups of 12 0.003

In groups of 16 0.004

Butt stacking with zero gap 0.005

Ezxample. An input reactor is required for the filter of a 1,300-volt, 4-amp,
single-phase, full-wave, 60-cycle rectifier. Let N = 2,800 turns, net 4, = 2.48
sq in., gross A, = 2.76 sq in., [, = 9 in., [, = 0.050 in. The 120-cycle voltage
for figuring B, is 0.707 X 0.67 X 1,300 = 605 volts.

0.6 X 2,800 X 0.25

B, 0.050 8,400
3.49 X 605 x 108
Bae = 120 X 2.48 X 2,800 2540
Brax = 10,940 gauss
Figure 70 shows
Ha = 2,650

_3.19 X (2,800)* X 2.76 X 10~*

L
0.050 + 55

= 13.0 henrys

40. Linear Reactor Chart. In the preceding section, it was assumed
that the core air gap is large compared to I./u, where u is the d-c per-
meability. In grain-oriented steel cores the air gap may be large com-
pared to l;/ua, because of the high ¢ncremental permeability of these
cores. When this is true, variations in u do not affect the total effective
magnetic path length or the inductance to substantial degree. Reactor
properties may then be taken from Fig. 71. In order to keep the reac-
tor linear, it is necessary to limit the flux density. For grain-oriented
silicon-steel cores, inductance is usually linear within 10 per cent if the
d-¢ component of flux By, is limited to 12,000 gauss and the a-¢ com-
ponent By, to 3,000 gauss.

Dotted lines in quadrant I are plots of turns vs. core area for a
given wire size and for low-voltage coils, where insulation and margins
are governed largely by mechanical considerations. Core numbers in
Fig. 71 have the same dimensions and weight as in Table VIII.
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If the cores increased in each dimension by exactly the same amount,
the lines in quadrant I would be straight. In an actual line of cores,
several factors cause the lines to be wavy:

(a) Ratios of core window height to window width and core area
deviate from constancy.

(b) Coil margins increase stepwise.

(¢) Insulation thickness increases stepwise.

A-c flux density in the core may be calculated by equation 36, and
By by cquation 35. If B,, materially exceeds 15,000 gauss, saturation
is reached, and the reactor may become non-linear or noisy.

Instructions for Using Fig. 71.

1. Estimate core to be used.

2. Divide required inductance by area (A;) of estimated core to
obtain a value of L/sq in.

3. In second quadrant, locate intersection of L/sq in. and rated Ig.

4. On this intersection, read total gap length (I} and number of
turns (V). Gap per leg = [/2.

5. Project intersection horizontally into first quadrant to intersect
vertical line which corresponds to estimated core. This second inter-
section gives d-c resistance and wire size.

Ezample. Required: 15 henrys at I,;,, = 50 ma.

Estimate core No. 1.

L/sqin. = 84.3, 1, = 0.015 in,, N = 6,000, DCR = 800 ohms.
Wire size = No. 36.

(Example shown starting with dotted circle.)

A similar chart may be drawn for silicon-steel laminations, but to
maintain linearity lower values of flux density should be used.

41. Air-Gap Flux Fringing. In Section 39, equation 38 was de-
veloped for inductance of a linear reactor with an air gap. It is as-
sumed that 85 per cent of the core flux is confined to the cross section
of core face adjoining the gap. The remaining 15 per cent of the core
flux “fringes” or leaves the sides of the core, thus shunting the gap.
Fringing flux decreases the total reluctance of the magnetic path and
increases the imductance to a value greater than that calculated from
equation 38. Fringing flux is a larger percentage of the total for
larger gaps. Very large gaps are sometimes broken up into several
smaller ones to reduce fringing.

If it is again assumed that the air gap is large compared to [,/g, the
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reluctance of the iron can be neglected in comparison with that of the
air gap. For a square stack of punchings, the increase of inductance

due to fringing is

L <1 N 2l, 1 2S) 30)

= og, —
L Vv,

Equation 39 is plotted in Fig. 72 with core shape \/4,/S as abscissas
and gap ratio l,/S as parameter.?
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Fic. 72. Increase of reactor inductance with flux fringing at core gap.

If the air gap is enclosed by a coil, as at the top of Fig. 72, flux
fringing is reduced because of the magnetizing force set up near the
gap by the ampere-turns of the coil. A coil fitting tightly all around
the core would produce no fringing at all. As the distance from inside
of the coil to the core increases, so does the fringing. Fringing there-
fore depends upon the coil form thickness; if it materially exceeds the
alr gap per leg, fringing is nearly the same as it would be in a core
gap which is not enclosed by a coil. Figure 72 is based on a thick
coil form.

42. Similitude in Design. Charts such as Fig. 63 show that ratings
are related to size in an orderly sequence, provided that certain pro-
portions between core dimensions are maintained. Figure 63 is for 60

1See G. F. Partridge, Phil. Mag., 22 (7th series), 675 (July-December, 1936).
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cycles. If a transformer is desired for another frequency, its size may
be estimated from Table VIII, provided that the same core propor-
tions apply, and similar values of induction and temperature rise are
used. If the new conditions are widely different, due allowance must
be made for them or the estimate will not be accurate.

Table VIII and Figs. 63 and 71 are examples of similitude. If all
variations between ratings are taken into account, similitude provides
a very accurate basis for estimating new sizes; for the transformer de-
signer there is no better basis for starting a new design.

43. Reactor Current Interruption. Sudden interruption of current
through a reactor may cause high voltages to develop in the winding.
This may be seen by considering the voltage across a reactor with
linear inductance L and varying current ¢ in the winding. Let current
1 be substituted for Iy in equation 37; it may be transposed to give

¢ = 108Li/N (37a)

where L is in henrys and 7 in amperes. If this expression for ¢ be sub-
stituted in equation 1, we obtain
L d 40
€ 7 (40)
Equation 40 states that the magnitude of voltage across a reactor is
equal to the inductance multiplied by the rate of current change with
time. The sense or direction of this voltage is always such as to
oppose the current change. Therefore, if current interruption takes
place instantaneously, inductive voltage is infinitely large. In an
actual reactor, losses and capacitance are always present; hence inter-
ruption of reactor current forces the reactor voltage to discharge into
its own capacitance and loss resistance. The curves of Fig. 73 show
how the reactor voltage e rises when steady current I flowing in the
reactor is suddenly interrupted. The maximum value to which voltage
e could rise under any condition is IR, where R, is the equivalent loss
resistance. K. depends mostly on the reactor iron loss at the resonance
frequency dctermined by reactor inductance L and capacitance C.
This frequency is 1/7T, where T is 2rLC. Conditions for high
voltage across the reactor occur with high values of k, the ratio of
VL/C to 2R,. If subject to sudden current interruptions, reactors
must be insulated to withstand this voltage, or must be protected by
spark gaps or other means. The curves of Fig. 73 are based on equa-
tion 41:
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If there is appreciable eircuit or wiring capacitance shunting the reactor
after it is disconnected, this contributes to the total reactor capaci-
tance C.
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44, Transformers with D-C Flux. When there is a net d-c¢ flux in
the core, as in single-phase half-wave anode transformers, the choice
of core depends on the same principles as in reactors with large a-c
flux. The windings carry non-sinusoidal load current, the form of
which depends on the circuit. Winding eurrents may be calculated
with the aid of Table I (p. 16). Generally the heating effects of these
currents are large. Maximum flux density should be limited as de-
seribed in Scection 39. This precaution is essential in limited power
supplies like aircraft or portable generators, lest the generator voltage
wave form be badly distorted. On large power systems the rectifier
is a minor part of the total load and has no influence on voltage wave
form. The chief limitation then is primary winding current, and maxi-
mum induction may exceed the usual limits.

In single-phase half-wave transformers, air gaps arc sometimes pro-
vided in the cores to reduce the core flux asymmetry described in Sec-
tion 12. Transformers designed in this manner resemble reactors in
that core induction is calculated as in Sections 37 to 41, depending on
the operating conditions. Even in transformers with no air gap, there
1s a certain amount of incidental reluctance at the joints in both
stacked laminations and type C cores. This small gap reduces the
degrec of core saturation that would exist in half-wave transformers
with unbroken magnetic paths.

45. Power Transformer Tests. A power transformer is tested to
discover whether the transformer will perform as required, or whether
it will give reliable serviee life. Somec tests perform both functions.

(a) D-C Reststance. This test is usually made on transformers at
the factory as a check on the correctness of wire size in each winding.
Variations are caused by wire tolerances, and by difference in winding
tension between two lots of coils or hetween two coil machine opera-
tors. About 10 per cent variation can be expected in the d-c¢ resist-
ance of most coils, but this value increases to 20 per cent rather sud-
denly in sizes smaller than No. 40. The test is made by means of a
resistance bridge or specially calibrated meter.

(b) Twrns Ratio. Once the correet number of turns in each winding
is established, correct output voltage can be assured for a coil of given
design by measuring the turns. A simple way of doing this is by use
of the turns-ratio bridge in Fig. 74. If the turns are correct, the null
indicated by the meter occurs at a ratio of resistances

Igl/Rg = N]//IVQ (42)
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If there is an error in the number of turns of one winding, the null
occurs at the wrong value B;/R,. A source of 1,000 cycles is preferable
to one of 60 cycles for this test. The smaller current drawn by the
transformer reduces IR and IX errors. Harmonics in the source ob-
scure the null, and so the source should be filtered. The null is often
made sharper by switching a small variable resistor in series with R,
or R, to offset any lack of proportion in resistances of windings N,
or No.

[«— 1,000 CYCLE SOURCE ——>}
10,000 0 10,000 N1
1,000 A 1,000 A
1ooNn 1000
10N IoNn
RI R2
AMPLIFIER MA)
-
N Ny

Fic. 74. Turns-ratio bridge.

An accuracy of 0.1 per cent can usually be attained with four-decade
resistances. Polarity of winding is also checked by this test, because
the bridge will not balance if one winding is reversed.

(¢) Open-Circuit Inductance (OCL). There are several ways of
measuring inductance. If the @ (or ratio of coil reactance to a-c resist-
ance) is high, the check may be made by measuring the current drawn
by an appropriate winding connected across a source of known voltage
and frequency. This method is limited to those cases where the amount
of current drawn can be measured. A more general method makes use
of an inductance bridge, of which one form is shown in Fig. 75.

If direct current normally flows in the winding, it can be applied
through a large choke as shown. Inductance is then measured under
the conditions of use. Source voltage should be adjustable for the
same reason and should be filtered to produce a sharp null. R, is
provided to compensate for coil a-c resistance. Without it an accurate
measurement is rarely attained. Enough data are provided by the
test to calculate a-c resistance as well as inductance.
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When @ is low, as it is in coils with high resistance, better accu-
racy is obtained with the Maxwell bridge, which is like the Hay bridge
except that X, and R, are paralleled. Then the equations for bridge
balance become

L_-,,- = R1R2C R_—; = R1R2/Rc (43)

The Maxwell bridge has the further advantage that the null is inde-
pendent of the source frequency.

AMPLIFIER !MA )
| - o~

F1a. 75. Modified Hay bridge for measuring inductance.

(d) Temperature Rise. Tests to determine whether a transformer
overheats are made by measuring the winding resistances before and
after a heat run, during which the transformer is loaded up to its rating.
Where several secondarics are involved, each should deliver rated
voltage and current. Power is applied long enough to allow the trans-
former temperature to become stable; this is indicated by thermometer
readings of core or case temperature taken every half hour until suc-
cessive readings are the same. Ambient temperature at a nearby loca-
tion should also be measured throughout the test. The average in-
crease in winding resistance furnishes an indication of the average
winding temperature. Figure 76 furnishes a convenient means for
finding this temperature.

(e) Regulation. It is possible to measure voltage regulation by
connecting a voltmeter across the output winding and reading the
voltage with load off and on. This method is not accurate because the
regulation is usually the difference between two relatively large quan-
tities. Better accuracy can be obtained by multiplying the rated
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winding currents by the measured winding resistances and using equa-
tion 13. If the winding reactance drop is small this equation works well
for resistive loads. To measure winding reactance drop, a short-
circuit test is used. With the secondary short-circuited, sufficient
voltage is applied to the primary to cause rated primary current to

I.'G /

0.9

TIMES RESISTANCE AT 25° C

]

0.8
//

0.7 v

0.6
~-60 -40 -20 0 20 40 60 80 100 120 140 160 80 200
TEMPERATURE °C

F1c. 76. Copper resistance versus temperature in terms of resistance at 25°C.

flow. The quotient E/I is the vector sum of winding resistances and
reactances. Reactance 1s found from

X =Vz72 R (44)

where R includes the resistance of both windings and the meter.

Sometimes it is more convenient to measure the leakage inductance
with secondary short-circuited on a bridge and multiply by 2«f.

(f) Output Voltage. Although the method deseribed under (e) above
is accurate for two-winding transformers, it is not applicable to multi-
secondary transformers unless they are tested first with newly cali-
brated meters to see that all windings deliver proper voltage at full
load. Once this is established, values of winding resistance and react-
ance thereafter can be checked to control the voltage. The interde-
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pendence of secondary voltages when there is a common primary wind-
ing makes such an initial test desirable. This is particularly true in
combined filament and plate transformers, for which the best test is
the actual rectifier circuit.

(g) Losses. Often it is possible to reduce the number of time-
consuming heat runs by measuring losses. The copper loss is readily
calculated by multiplying the measured values of winding resistance
(corrected for operating temperature) by the squares of the respective
rated currents. Core loss is measured with open secondary by means
of a low-reading wattmeter at rated voltage in the primary circuit. If
these losses correspond to the allowable temperature rise, the trans-
former is safely rated.

(h) Insulation. There is no test to which a transformer is subjected
which has such a shaky theoretical basis as the insulation test. Yet 1t
is the one test it must pass to be any good. Large quantities of trans-
formers can be built with little or no insulation trouble, but the empiri-
cal nature of standard test voltages does not assure insulation ade-
quacy. It has been found over a period of years that, 1f insulation
withstands the standard rule of twice normal voltage plus 1,000 volts
rms at 60 cycles for 1 minute, reasonable insulation life is usually
obtained. It is possible for a transformer to be extremely under-
insulated and still pass this test (see p. 44) ; conversely, there are con-
ditions under which the rule would be a handicap. Therefore it can
only be considered as a rough guide.

The manner of making insulation tests depends upon the trans-
former. Low-voltage windings categorically can be tested by short-
circuiting the terminals and applying the test voltage from each wind-
ing to core or case with other windings grounded. Filament trans-
formers with secondaries insulated for high voltage may be tested in
stmilar manner. But a high-voltage plate transformer with grounded
center tap requires unnecessary insulation if it is tested by this method.
Instead, a nominal voltage of, say, 1,500 volts is applied between the
whole winding and ground; after that the center tap is grounded and
a voltage is applied across the primary of such value as to test the end
terminals at twice normal plus 1,000 volts. Similar test values can be
calculated for windings operating at d-c voltages other than zero.
Such a test is called an induced voltage test. Tt is performed at higher
than normal frequency to avoid saturation. An advantage of induced
voltage testing is that it tests the layer insulation.

If insulation tests are repeated one or more times they may destroy
the insulation, because insulation breakdown values decrease with
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time. Successive applications of test voltage are usually made at
either decreased voltage or decreased time. In view of their dubious
value, repeated insulation tests are best omitted.

Corona tests are not open to this objection. A voltage 5 per cent
higher than normal is applied to the winding, and the leads are run
through blocking capacitors to the input of a sensitive radio re-
ceiver as in Fig. 38.t RETMA standard noise values for this test are
based primarily on radio reception, but they do indicate whether
standard insulation practice is followed. See Table X.

TaBLE X. CoroNA VOLTAGE

RMS Working Voltage Corona Level
(kilovolts) (microvolts)
Up to 8.6 1,000
8.61 to 15 2,500

Transformers which are subjected to voltage surges may be given
impulse tests to determine whether the insulation will withstand the
surges. Power line surges are the most difficult to insulate for. The
electric power industry has standardized on certain impulse voltage
magnitudes and wave shapes for this testing.? The ratio of impulse
voltage magnitude to 60-cycle, 1-minute insulation test voltage is
called the tmpulse ratio. This ratio is much greater for oil-insulated
transformers than for dry-type transformers, and is discussed further
in Chapter 4.

18ee RETMA Standard TR-102-B, “Power Transformers for Radio Trans-
mitters.”
2See ASA Standard C57.22-1948, paragraph 22.116.
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46. Ripple. Filters used with rectifiers allow the rectified direct
current to pass through to the load without appreciable loss, but ripple
in the rectified output is attenuated to the point where it is not objec-
tionable. Filtering sometimes must be carried out to a high degree.
From the microphone to the antenna of a high-power broadcast sta-
tion, there may be a power amplification of 2 X 10'5. The introduc-
tion of a ripple as great as 0.005 per cent of output voltage at the micro-
phone would produce a noise in the received wave loud enough to spoil
the transmitted program. A rectifier used at the low-power levels must
be unusually well filtered to prevent noticeable hum from being trans-
mitted.

Different types of rectifiers have differing output voltage waves,
which affect the filter design to a large extent. Certain assumptions,
generally permissible from the standpoint of the filter, will be made in
order to simplify the discussion. These assumptions are:

1. The alternating voltage to be rectified is a sine wave.

2. The rectifying device passes current in one direction but pre-
vents any current flow in the other direction.

3. Transformer and rectificr voltage drops are negligibly small.

4. Filter condenser and reactor losses are negligible.

47. Single-Phase Rectifiers. Single-phase half-wave rectified volt-
age across a resistive load R is shown in Fig. 77. It may be resolved by
Fourier analysis into the direct component whose value is 0.318%,; or
0.45E,., and a series of alternating components. The fundamental
alternating component has the same frequency as that of the supply.

Single-phase half-wave rectifiers are used only when the low average
value of load voltage and the presence of large variations in this voltage
are permissible. The chief advantage of this type of rectifier is its
simplicity. A method of overcoming both its disadvantages is illus-
trated in Fig. 78 where a capacitor C shunts the load. By using the

proper capacitor, it is often possible to increase the value of Eg, to
111
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within a few per cent of the peak voltage E ;. The principal disadvan-
tage of this method of filtering is the large current drawn by the capaci-
tor during the charging interval as shown in Fig. 49(b) (p. 63). This
currcnt is limited only by transformer and rectifier regulation; yet it
must not be so large as to cause damage to the rectifier. The higher
the value of E4 with respect to E,, the larger is the charging current
taken by C. (See Figs. 50 and 52, pp. 64 and 66.) Therefore, if a
smooth current wave is desired, some other method of filtering must
be used.

Emdc - .Ta Epk/\ |
Vi \ : / \ °T

Fic. 77. Half-wave rectifier voltage. Fic. 78. Capacitor filter.

\
x

To obtain less voltage variation or ripple amplitude, after the limit-
ing capacitor size has been reached, an inductive reactor may be em-
ployed. It may be placed on either the rectifier or the load side of the
capacitor, depending on whether the load resistance R is high or low
respectively. See Figs. 79(a) and (b). In the former, the voltage
I, has less than the average value 0.45/7,., because the inductor de-
lays the build-up of current during the positive half-cycle of voltage,
and yet the inductor in this case should have a high value of reactance
X1, compared to the capacitive reactance X, in order to filter effec-
tively. When R is low, reactance X, should be high compared to E.

L L

0T

(a) (b)
Fic. 79. («) Inductor-input filter; (b) capacitor-input filter.

ITd
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o

In Fig. 79(a) the ripple amplitude across R is — X/ (X, — X¢) times
the amplitude generated by the rectifier, if R is high compared to X¢.
Also, in Fig. 79(b), the ripple amplitude across R is R/X,, times the
ripple obtained with capacitor only. K here is small compared to X,

Large values of inductance are required to cause continuous current
flow when the inductor is on the rectifier side of the capacitor in a half-
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wave rectifier circuit. Since current tends to flow only half the time,
the rectified output is reduced accordingly. This difficulty is elimi-
nated by the use of the full-wave rectifier of Fig. 80. The alternating

0] i
| A y \_

(a)

Fic. 80. (a) Single-phase full-wave rectifier; (b) rectified full-wave voltage.

components of the output voltage have a fundamental frequency
double that of the supply, and the amplitudes of these components
are much less than for the half-wave rectifier. The higher ripple fre-
quency causes L and C to be doubly effective; the smaller amplitude
results in smaller percentage of ripple input to the filter. Current
flow is continuous and E,. has double the value that it had in Fig. 77.
For these reasons, this type of rectifier is widely used.

A full-wave rectifier uses only one-half of the transformer winding
at a time; that is, K, is only half the transformer secondary voltage.
A circuit which utilizes the whole of this volt-
age in producing E,. is the single-phase bridge
rectifier shown in Fig. 81. The output voltage
relations are the same as those of Fig. 80(b).
Although this circuit requires more rectifying
tubes, it eliminates the nced for a transformer
midtap. Fic. 81. Bridge rectifier.

48. Polyphase Rectifiers. The effect of rec-
tifying more than onc phase is to superpose more voltages of the same
peak value but in different time relation to each other. Figures 82(a)
and (b) give a comparative picture of the rectified output voltage for
three-phase half-wave and full-wave rectifiers. Increasing the number
of phases increases the value of FE,., increases the frequency of the
alternating components, and decreases the amplitude of these compo-
nents. Ripple frequency is p times that of the unrectified alternating
voltage, p being 1, 2, 3, and 6 for the respective waves. Roughly speak-
ing, p may be taken to represent the number of phases, provided that
due allowance is made for the type of circuit, as in Fig. 83. Rectifiers
with p = 3 or 6 are derived from three-phase supply lines, and, by
special connections, rcetifiers with p = 9, 12, or more are obtained.
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The frequency of any ripple harmonic is mp, where m is the order of
the harmonic.

II '\ // \\
i [Y L LY
THREE - PHASE HALF WAVE THREE PHASE FULL WAVE OR DOUBLE Y
SIX PHASE
{a) (b)

Fic. 82. Polyphase rectifier output waves.

Ripple voltage for any of these rectifiers can be found by the Fourier
relation:
9 T2
A, =— J(0) cos newt di (45)
TJ 140

where 4, = amplitude of nth ripple harmonic
T = ripple fundamental period
= time (with peak of rectified wave as { = 0)
w = 27/Tp = 27 X supply line frequency
Sf(#) = ripple as a function of time
Eypcoswt, T/2 > wt > — T/2.

The voltage peak is chosen as ¢{ = 0 to obtain a symmetrical func-
tion f(¢) and eliminate a second set of harmonic terms like those in
equation 45, but with sin nef under the integral.

Ripple amplitude is given in Fig. 83 for the ripple fundamental, and
second and third harmonies with reactor-input filters. In this curve,
the ratio P4 of ripple amplitude to direct output voltage is plotted
against the number of phases p. It should be noted that P, diminishes
by a considerable amount for the second and third harmonics. In
general, if a filter cffectively reduces the percentage of fundamental
ripple across the load, the harmonics may be considered negligibly
sinall.

49, Multistage Filters. In the inductor-input filter shown in Fig.
79(a), the rectifier is a source of non-sinusoidal alternating voltage
connected across the filter. Tt is possible to replace the usual eircuit
representation by Fig. 84(a). For any harmonic, say the nth, the
voltage across the whole circuit is the harmonic amplitude 4,, and
the voltage across the load is PrEg, Pr being ripple allowable across
the load, expressed as a fraction of the average voltage. Since the load
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Fic. 84. Tanductor-input filter circuits.
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resistance I is high compared to X¢, the two voltages are nearly in
phase, and they bear the same ratio to each other as their respective
reactances, or

S (46)

From the type of rectifier to be used, and the permissible amount of
ripple in the load voltage, it is possible to determine the ratio of induc-
tive to capacitive reactance.

When the magnitude Pr must be kept very small, the single-stage
filter of Fig. 84(a) may require the inductor and the capacitor to be
abnormally large. It is preferable under this condition to split both
the inductor and the capacitor into two separate equal units, and
connect them like the two-stage filter of Fig. 84(b). A much smaller
total amount of inductance and of capacitance will then be necessary.

For this filter

& X' — X'e\?

—f=Ci——£) 7)
Pg X'c

X’p and X’¢ being the reactances of each inductor and capacitor in the

circuit. Likewise, the three-stage filter of Fig. 84(¢) may be more prac-
ticable for still smaller values of Pr. In the latter filter,

P X', — X'e\?
_A=(;;71) (48)
Pr X'c

and, in general, for an n-stage filter,
P, X' — X'c\"
_1=(4__£) (49)
Pg X'c

It is advantageous to use more than one stage only if the ratio
P4/Pg is high. That the gain from multistage filters is realized only
for certain values of P,/Py is shown by Fig. 8. The lower curve
shows the relation between P,/Py and X;/X¢ for a single-stage filter.
The second curve shows the increase in P4/Pg gained by splitting up
the same amount of L and C into a two-stage filter; as indicated in
Fig. 84(b), the inductor and capacitor both have one-half their
“lumped” value. The upper curve indicates the same increase for a
three-stage filter, each inductor and capacitor of which have one-third
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of their “lumped” or single-stage filter value. The attenuation in
multistaging is enormous for high X;/A,. For lower ratios there

100,000

= = =+

THREE - STAGE FILTER
/ 10,000

—J'YY%
—_—_— T
/Two-STAGE FILTER /
5000
/ /

50,000
-—JYYVYW /

3
wt
/ 219
=K
/ g 3
58
/ R
000 W
/ AR e
- o
sl
500 2(&
mnaliir 3¢ =
SINGLE STAGE FILTER’// P P
/ 100

e ;

NOTE XLL' APPLIES DIRECTLY FOR SINGLE STAGE FILTER
C

X
DIVIDE BY 4 FOR X_L PER STAGE FOR TWO - STAGE
[

DIVIDE BY 9 FOR ﬁ PER STAGE FOR THREE-STAGE ~—

50 100 150 200 250 300 350

XL INDUCTIVE REACTANCE
Xc CAPACITIVE REACTANCE

(LUMPED VALUES)

F1c. 85. Attenuation in one-, two-, and three-stage filters.

may be a loss instead of a gain, as shown by the interscction of the
two upper curves. These curves intersect the lower curve if all are
prolonged further to the left. This may be a puzzling condition; but
consider that, for X;/X¢ = 50 in the single-stage filter, the ratio is
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13 X,,/3X¢ or 59% in the three-stage filter; the rather small advantage
in the latter is not difficult to account for.

Other factors may influence the number of filter stages. In some
applications, modulation or keying may require that a definite size of
filter capacitor be used across the load. Usually these conditions re-
sult in a single-stage filter, where otherwise more stages might be most
economical.

Table VII (p. 62) shows filter reactors in the negative lead, which
may be either at ground or high potential. If low ripple is required
in the filtered output, it is usually preferable to locate the filter reac-
tors in the high-voltage lead. Otherwise, there is a ripple current
path through the anode transformer winding capacitance to ground
which bypasses the filter reactor. Ripple then has a residual value
which cannot be reduced by additional filtering. In the three-phase,
zigzag, full-wave circuit, with center tap used for half-voltage output,
separate reactors should be used in the positive leads; placing a com-
mon reactor in the negative lead introduces high amplitude ripple in
the high-voltage output.

In rectifiers with low ripple requirements, both filament and anode
windings should be accurately center-tapped to avoid low-frequency
ripple, which is difficult to filter. Three-phase leg voltages should be
balanced for the same reason.

50. Capacitor-Input Filters. One of the assumptions implied at the
beginning of this chapter, namely, that transformer and rectifier volt-
age drops are negligibly small, cannot usually be made when capacitor-
input filters are used, because of the large peak currents drawn by the
capacitor during the charging interval. Such charging currents drawn
through finite resistances affect both the d-c¢ output voltage and the
ripple in a complicated manner, and simple analysis such as that given
for inductor-input filters is no longer possible. Figure 86 is a plot of
the ripple in the load of capacitor-input filtcrs with various ratios of
source to load resistance, and for three types of single-phase rectifiers.
These curves are useful also when resistance is used in place of an in-
ductor at the input of a filter. o is 2= times the a-c supply frequency,
C is the capacitance, R, is the load resistance, and Rg the source re-
sistance.

When L-C filter stages follow a capacitor-input filter, the ripple of
the latter is reduced as in Fig. 85, except that the value of P, must be
taken from Fig. 86. When an R-C filter stage follows any type of filter,
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the ripple is reduced in the ratio R/X represented by the R-C stage.
51. Rectifier Regulation. The regulation of a rectifier comprises
three distinct components:

1. The d-e¢ resistance or IR drop.
2. The commutation reactance or /X drop.
3. The capacitor charging effect.

The first component can be reduced to a small value by the use of
tubes, transformers, and inductors having low resistance. Mercury-
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Fic. 87. Commutation current effect on rectifier voltage.

vapor tubes are of noteworthy usefulness in this respect, as the internal
voltage drop is low and almost independent of load current variations.

Commutation reactance can be kept to a low value by proper trans-
former design, particularly where the ratio of short-circuit current to
normal load is high.

During part of each cycle, both tubes of a single-phase full-wave
rectifier are conducting. During this interval one tube loses its cur-
rent and the other one builds up to normal current. Beeause of the
inevitable reactance in the transformer, this change does not take
place immediately but during an angle 6 as in Fig. 87. Short-circuit
current is initiated which would rise as shown by the dotted lines of
Fig. 87, if it could pass through the rectifier tubes; it prevents the
rectified voltage wave from retaining its normal shape, so that for a
portion of each cycle the rectified output is zero.

Let the transformer winding resistance be temporarily neglected; if
the current could rise to maximum, the short-cireuit value would be
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2E /X, where X is the leakage reactance of the whole secondary,
but it is limited by the rectifier to I,. The short-circuit current
rises to (1 — cos #) times maximum in the commutation period, or

[2E,k(] — cos 0)]/X = Iq4.
The average voltage from zero to the re-ignition point 1" is
(Epk/"r)<1 — cos §)

Combining these relations gives, for the average voltage cut out of
the rectified voltage wave by commutation,

Vav = 14X/ 2m (50)

By similar reasoning, the commutation reactance drop for polyphase
rectifiers is
plaX'/2m (51)

where X’ = the transformer leakage reactance from line to neutral on
the secondary side, and p = the number of phases in Fig. 83.

In this formula, the leakage reactance per winding is associated with
the voltage across that winding. This is accurate when each phase is
supplied by a separate transformer. But it fails for p = 2 in the single-
phase full-wave rectifier, using one plate transformer, where half of the
secondary voltage is rectified each half-cyele. In such a reetifier, dur-
ing commutation the whole sccondary voltage is effective, and so is the
leakage reactance of the whole secondary. This reactance has 4 times
the leakage reactance of cach secondary half-winding, but only twice
the half-winding voltage acts across it. Hence equation 50 must be
used for the single-phase reetifier; here X' = the reactance of the entire
secondary.

When high winding resistance limits short-circuit current, commuta-
tion has less effect than equation 50 would indicate. This condition
prevails in small rectifiers; the IX drop is negligibly small because of
the small transformer dimensions. For example, in the plate trans-
former designed in Fig. 58 the leakage inductance is 0.166 henry. The
commutation reactance drop is, from equation 50,

0.115 X 0.166 X 27 X 60/2r = 1.15 volts

or 0.1 per cent. This is negligible compared to the 3.7 per cent regula-
tion calculated in Fig. 58. Tn this case the short-circuit current would
be limited by winding resistance rather than by leakage inductance.
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In large rectifiers, all rectifier components have low losses to pre-
vent power wastage or overheating, and the IR drop i1s a very small
percentage of the total. At the samc time, a large transformer re-
quires careful design in order to keep the IX drop reasonably small.
Therefore, in large rectifiers the I.X drop is the dominant cause of regu-
lation. An example with 60 kva rating has 0.7 per cent IR drop and
6 per cent IX drop.

In medium-size rectifiers the IR and IX drops may be of equal, or at
least comparable, value. In such rectificrs these two components of
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Fic. 88. Increase in rectifier regulation due to transformer reactance.

regulation do not add arithmetically. Commutation interval 6, Fig. 87,
depends on the short-circuited reactance when resistance is negligible,
but if resistance is appreciable @ is related to the ratio X /R exponenti-
ally.* The increase in regulation caused by commutation reactance
may be found from Fig. 88, in terms of d-¢ output voltage Eg. In
this figure the regulation of three widely used rectifiers (single-phase
full-wave, three-phase half-wave, and three-phase full-wave) is given
in a manncr which enables one to proceed directly from the IR com-
ponent of regulation to total regulation.

X and R are ohms per phase except X/R ratio is for the whole sec-
ondary in single-phase full-wave rectifiers. E in X/R ratio includes
primary R in all cases. R in [4R/E4. is for two windings in three-
phase full-wave rectifiers. To obtain total regulation, project
I1,R/E; vertically to one-phase or thrce-phase line. Project this
point to the left to proper X /R line. Abscissa at left gives total regu-

18ce Mercury-Are Reclifiers and Thetr Circuits, by D. C. Prince and P. B.
Vogdes, McGraw-Hill Book Co., New York, 1927, p. 216.
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lation. An example is indicated by the dotted line. In this example,
the rectifier is three-phase full-wave.

E;. = 2,000 volts X 9
T4 = 1 amp R
R = 60 ohms IR 60
= —— = 3 per cent
X = 120 ohms Eqse 2,000

Total regulation = 1.68 X 3 = 5.04 per cent. If the IX regulation had
been added directly to IR it would be 6 per cent + 3 per cent = 9 per
cent, and the calculated regulation would be nearly 4 per cent higher
than actual.

52. Capacitor Effect. If the rectifier had no filter capacitor, the
rectifier would deliver the average value of the rectified voltage wave,
less regulation components 1 and 2 of Section 51. But with a filter
capacitor, there is a tendeney at light loads for the capacitor to charge
up to the peak value of the rectified wave. At zero load, this amounts
to 1.57 times the average value, or a possible regulation of 57 per cent
in addition to the IR and IX components, for single-phase full-wave
rectifiers. This effect is smaller in magnitude for polyphase rectifiers,
although it is present in all rectifiers to some extent.

Suppose that the rectifier circuit shown in Fig. 80(a) delivers single-
phase full-wave rectifier output as shown in Fig. 80(d) to an inductor-
input filter and thence to a variable load. In such a circuit, the filter
inductor keeps the capacitor from charging to a value greater than the
average E,, of the rectified voltage wave at heavy loads. At light loads
the d-c output voltage rises above the average of the rectified wave,
as shown by the typical regulation curve of Fig. 89.

Starting at zero load, the d-¢ output voltage E, is 1.57 times the
average of the rectified wave. As the load increases, the output
voltage falls rapidly to B, as the current I; is reached. For any load
greater than I,, the regulation is composed only of the two com-
ponents IR and IX. Tt is good practice to use a bleeder load I so
that the rectifier operates between I; and I,.

Filter elements X; and X, determine the load I; below which
voltage rises rapidly. The filter, if it is effective, attenuates the a-c
ripple voltage so that across the load there exists a d-¢ voltage with a
small ripple voltage superposed. A choke-input filter attenuates the
harmonic voltages much more than the fundamental, and, since the
harmonics are smaller to begin with, the main function of the filter is
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to take out the fundamental ripple voltage. This has a peak value,
according to Fig. 83, of 66.7 per cent of the average rectified d-c voltage
for a single-phase full-wave rectifier. Since this ripple is purely a-c it
encounters a-c impedances in its circuit. If we designate the choke
impedance as X, and the capacitor impedance as X¢, both at the
fundamental ripple frequency, the impedance to the fundamental
component is X, — X¢, the load resistance being negligibly high com-
pared to X¢ in an effective filter. The d-c voltage, on the other hand,
produces a current limited mainly by the load resistance, provided
that the choke IR drop is small.

I, I,

Fic. 89. Rectifier regulation curve.

A-c and d-¢ components are shown in Fig. 90, with the ripple cur-
rent I,, superposed on the load direct current I4. 1If the direct cur-
rent is made smaller by increased load resistance, the a-¢ component
is not affected because load resistance has practically no influence in
determining its value. Hence a point will be reached, as the d-c¢ load
current is diminished, where the peak value of ripple current just
equals the load direct current. Such a condition is given by d-c load
I, which is equal to I, If the d-c load is reduced further, say to the
value I,, no current flows from the rectifier in the interval A-B of each
ripple cycle. The ripple current is not a sine wave, but is cut off on
the lower halves, as in the heavy line of Fig. 91. Now the average
value of this current is not I, but a somewhat higher current I,. That
is, the load direct current is higher than the average value of the rec-
tified sine wave voltage divided by the load resistance. This increased
current is caused by the tendency of the capacitor to charge up to the
peak of the voltage wave between such intervals as A-B; hence the
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term capacitor effect which is applied to the voltage increase. The
limiting value of voltage is the peak value of the rectified voltage,
which is 1.57 times the sine-wave average, at zero load current.
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F1c. 90. A-c and d-c com- F16.91. Capacitor effect at
ponents of filter current. light load.

To prevent capacitor effect the choke must be large enough so that
la is equal to or less than the blecder current I,. This consideration
leads directly to the value of choke inductance. The blecder current
I, is E,/R;, where R, is the value of bleeder resistance. The ripple
current is the fundamental ripple voltage divided by the ripple circuit
impedance, or

0.667E,
XL — Xc

ac

Equating I; and I,. we have, for a single-phase full-wave rectifier,

R, = X"—XC (52)
0.667
Here we see that the value of capacitance also has an effect, but it is
minor relative to that of the choke. In a well-designed filter, the choke
reactance X, is high compared to X¢. Therefore, the predominant
element in fixing the value of R, (and of I,) is the filter reactor.
Polyphase rectifiers have similar effects, but the rise in voltage is
not so great because of the smaller difference between peak and aver-
age d-c output. The bleeder resistance for eliminating capacitor effect
can be found in general from
R, = Xi— Xe¢ (53)
Py
where P; 1s the fundamental ripple peak amplitude from Fig. 83, and
X and X, are the filter reactances at fundamental ripple frequency.
Between load I, and zero load, the rate of voltage rise depends upon
the filter. Figure 92 shows the voltage rise as a function of the ratio
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(X, — X¢) /Ry for a single-phase full-wave rectifier. A curve of ripple
in terms of ripple at full load is given. Figure 92 is a plot of experi-
mental data taken on a rectifier with IR + IX regulation of 5 per cent.
Reactances X and X are computed for the fundamental ripple fre-
quency.

Capacitor-input filters have the voltage regulation curves shown in
Figs. 50, 51, and 53) (pp. 64, 65, and 68) for their respective circuits.
At light loads these filters may give reasonably good regulation, but it
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Fig. 92. Voltage rise in single-phase full-wave rectifier at light loads.

is possible to get very poor regulation at hcavier loads, as can be seen
from the curves. Rectifier series resistance plays an important part
in the voltage regulation of this type of filter. The effect of anode
transformer leakage inductance can be found from Fig. 92.

53. Tuned Rectifier Filters. Sometimes an inductor-input filter is
tuned as in Fig. 93. The addition of capacitor C, inecreases the effec-
tive reactance of the inductor to the fundamental ripple frequency.
Both regulation and ripple of this type of filter are improved. The
filter is not tunecd for the ripple harmoniecs, so the use of high-@ filter
inductors is unnecessary. An increase in effectiveness of the filter in-
ductor of about 3 to 1 can be realized in a single-phase full-wave
rectifier circuit. Tuned filters are less effective with three-phase recti-
fiers because slight phase unbalance introduces low-frequency ripple
which the filter does not attenuate.

Filters may be tuned as in Fig. 94, where the filter capacitor C; is
connected to a tap near the right end of inductor I, and the other
filter capacitor C, is chosen to give series resonance and hence zero
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reactance across the load at the fundamental ripple frequency. Be-
cause of choke losses, the impedance across Ry is not zero, but the
resulting ripple across load resistor Ry, can be made lower than without

STk kb

Fic. 93. Shunt-tuned filter. Fic. 94. Series-tuned filter.

the use of capacitor C;. Ripple is attenuated more than in the usual
inductor-input filter, but regulation is not substantially different.

54. Rectifier Currents. If the inductor in an inductor-input filter
were infinitely large, the current through it would remain constant.
If the commutation reactance cffect is not considered, the ecurrent
through each tube of a single-phase rectifier would be a square wave,
as shown by I; and I, of Fig. 49(a) (p. 63). The peak value of this
current wave is the same as the d-c¢ output of the rectifier, and the rms
value is 0.7071,.. With finite values of inductance, an appreciable
amount of ripple current flows through the inductor and effectively
modulates I; and I,, thus producing a larger rms inductor current like
the first wave of Table T (p. 16).

Capacitor-input filters draw current from the rectifier only during
certain portions of the cycle, as shown in Fig. 49(b). Tor a given aver-
age direct current, the peak and rms values of these current waves are
much higher than for inductor-input filters. Values for the single-
phasc reetifiers are given in Fig. 52 (p. 66). 1f an L-C filter stage fol-
lows the input capacitor, the inductor rms current is the output direct
current plus the ripple current in quadrature.

Polyphase rectifiers are ordinarily of the choke-input type, because
they are used mostly for larger power, and therefore any appreciable
amount of series resistance cannot be tolerated. For this reason, the
low IR drop tubes, such as mercury-vapor rectifiers, are commonly
used. Such tubes do not possess sufficient internal drop to restrict
the peak currents drawn by capacitor-input filters to the proper values.

In a shunt-tuned power supply filter such as shown in Fig. 93, the
current drawn from the rectifier is likely to be peaked because two
capacitors C; and C, are in series, without intervening resistance or
inductance. This peak quickly subsides because of the influence of
inductor L, but an oscillation may take place on top of the tube cur-
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rent wave as shown in Fig. 95. The rectifiecr tube must be rated to
withstand this peak current. At the end of commutation the voltage

Ja

F16. 95. Anode current with shunt-tuned filter.

jumps suddenly from zero to V' (Fig. 87). Peak rectifier current may
be as much as

Ik = V/wL, (54)

L is half the transformer leakage inductance, and o = 2z X fre-
quency of oscillation determined by L, in series with C; and Cs. This
peak current is superposed on [4. It flows through the anode trans-
former and tube, but the current in choke L (Tig. 93) is determined
by ripple voltage amplitude and choke reactance. Series resistance
R, reduces this peak current to the value

I"r _ Ry
IPIC = w—Ilé € 4wl (55)

It is obtained by applying a step function voltage to the series R;L,C
circuit. The eriterion for oscillations is

L,
Rk, <2 \/- (56)
C

where C is the capacitance of C; and C, in series. Many rectifier tubes
have peak current ratings which must not be exceeded by such cur-
rents.

Currents shown in Table VII (p. 62) and Figs. 49 and 95 are
reflected back into the a-¢ power supply line, except that alternate
current waves are of reverse polarity. Small rectifiers have little
effect on the power system, but large rectifiers may produce excessive
interference in nearby telephone lines because of the large harmonic
currents inhcrent in rectifier loads. High values of commutation re-
actance reduce these line current harmonies, but, since good regula-
tion requires low commutation reactance, there is a limit to the con-
trol possible by this means. A-c line filters are used to attenuate the
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line current harmonics. A large rectificr, with three-phase series
resonant circuits designed to eliminate the eleventh, thirteenth,
seventeenth, and nineteenth harmoniecs of a 60-cycle system, is shown
in Fig. 96. Smaller rectifiers somctimes have filter sections such as
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Fic. 96. A-c line filter for large power rectifier.
those in Fig. 97; these are rarely used in large installations because of

the excessive voltage regulation introduced by the line inductors.
Filters designed to keep r-f currents out of the a-c lines are often

LINE
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Fic. 97. A-c line filter for medium-sized power rectifier.

used with high-voltage rectifiers. Even if the anode transformer has
low radio influence, commutation may cause r-f currents to flow in the
supply lines unless there is a filter.

55. Rectifier Transients. The shunt-tuned filter currents mentioned
in the preceding section are transient. Since the tube current is cut off
during each cycle, a transient current may oceur in each cycle. When
power is first applied to the rectifier, another transient occurs, which
may be smaller or larger than the cyclic transient, depending on the
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filter elements. In reactor-input filters the transient current can be
approximated by the formula given in Section 54 for a step function
applied to the series circuit comprising filter L and C plus R,. This
circuit is valid because the shunting effect of the load is slight in a
well-proportioned filter. In capacitor-input filters, the same method
can be used, but here the inductance is the leakage inductance of the
anode transformer. Therefore, equation 55 applies, except that the
maximum step function voltage is Ep.

Transients which occur when power is first applied differ from cyclic
transients in that they are spasmodic. Power may be applied at any
instant of the alternating voltage cycle, and the suddenly impressed
rectifier voltage ranges from zero to E,;. Starting transients are dif-
ficult to observe on an oscilloscope because of their random character.
It is necessary to start the rectifier several times for one observation
of maximum amplitude, and the trace is faint because it appears for a
very brief time.

Excessive current inrush, which occurs when a power transformer
is connected to a supply line, plagues rectifier design. The phenom-
cnon is associated with core saturation. For example, suppose that
the core induction is at the top of the hysteresis loop in Fig. 18 (p. 24)
at the instant when power is removed from the reetifier, and that it
decreases to residual value B, for H = 0. Suppose that the next
application of power is at such a point in the voltage cycle that the
normal induction would be B,. This added to B, requires a total in-
duction far above saturation value; therefore heavy initial magnetiz-
ing current is drawn from the line, limited only by primary winding
resistance and leakage inductance. This heavy current has a peaked
wave form which may induce momentary high voltages by internal
resonance in the secondary coils and damage the rectifier tubes. Or it
may trip a-c overload relays. The problem is especially acute in large
transformers with low regulation. A common remedy is to start the
rectifier with external resistors in the primary cireuit and short-circuit
them a few cycles later. Some rectifiers are equipped with voltage
regulators which reduce the primary voltage to a low value before
restarting.

A-c line transients may cause trouble in three-phase rectifiers, espe-
cially those having balance coils, by shifting the floating neutral volt-
age. Filters likc that in Fig. 97 prevent such transients from appearing
in the rectified output.

In some applications the load is varied or removed periodically.
Examples of this are keyed or modulated amplifiers. Transients occur
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when the load is applied (key down) or removed (key up), causing
respectively a momentary drop or rise in plate voltage. If the load is
a device which transmits intelligence, the variation in filter output
voltage produced by these transients results in the following undesir-
able effects:

1. Modulation of the transmitted signal.

2. Frequency variation in oscillators, if they are connected to the
same plate supply.

3. Greater tendency for key clicks, especially if the transient initial
dip is sharp.

4. Loss of signal power.

A filter which attenuates ripple effectively is normally oscillatory;
hence damping out the oscillations is not practicable. Nor would it
remedy the transient dip in voltage, which may increase with non-
oscillatory circuits. The filter capacitor next to the load should be
large enough to keep the voltage dip reasonably small. An approxima-
tion for transient dip in load voltage which neglects the damping effect
of load and series resistance is

N 57)
P RkANC (

where AEj, is the transient dip expressed as a fraction of the steady-
state voltage across R, and L, C, and R are as shown in Fig. 79(a).
The accuracy of this approximation is

poor for dips in transient voltage greater ogc

than 20 per cent. G, R
Although the tendency for key clicks in ——I

the signal may be reduced by attention to

the d-c¢ supply filter elements, the clicks ¢, L2

may not be entirely eliminated. Where

key-click elimination is necessary, some f}

sort of key-click filter is used, of which LAY

Fig. 98 is an example. This filter has 10 KEY GIRGUIT

inductance and capacitance enough to Fic. 98. Key-click filter.

round off the top and back of a wave and
eliminate sharp, click-producing corners. Figure 99 is an oscillogram
showing a keyed wave shape with and without such a filter.

In a choke-input filter, voltage surges are developed across the choke
under the following conditions:
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1. Ripple Voltage. With large rectifier commutation angles, or
with grid-controlled rectifiers, a surge occurs once each ripple cycle.
In the limit, this surge equals the rectifier peak voltage.

2. Initial Starting Surge. This surge adds to output d-c voltage.
Under the worst conditions it raises the voltage at this point to twice
normal and oceurs every time rectifier plate voltage is applied.

LES
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Fia. 99. Keyed wave shape with and without key-click filter.

3. Keying or Modulation Transient. Surge value depends upon con-
stants L, C, and Ry, and is limited by considerations of wave shape.
This occurs each time the key is opencd or closed, or load is varied.

4. Short-Circuit Surge. If load R is suddenly short-circuited, it
causes full d-c¢ voltage to appear across the filter reactor until the cir-
cuit breaker opens. This occurs occasionally. Rectifiers are some-
times arranged so that, if the short circuit persists, the circuit breaker
recloses 3 times and then rcmains open.

5. Interruption of Reactor Current. This surge voltage is limited
only by losses and capacitance of the circuit, and it may be large,
as shown by Fig. 73. Unless the reactor is designed to produce this
voltage, it occurs only through accident.

Conceivably, surges 1, 2, and 3 may occur simultaneously and add
arithmetically. A reactor insulated to withstand surges 1 plus 2 plus
3 also would withstand surge 4. A reasonable value of peak surge volt-
age comprising these factors is 214 times the full d-¢ working voltage.
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If surges 1 and 5 are too much for reasonable insulation, the reactor
is protected by a gap or other means.

If a rectifier is disconnected from the supply line while the load is
off, interruption of plate transformer peak magnetizing current may
cause high voltages to appear at random in the windings in much the
same way as reactor current interruption causes high voltages. This
is especially true if the transformer operates at high core induction.
The effect is partly mitigated by the arc energy incident to the opening
of the disconnecting switch. But unless the plate transformer is insu-
lated specifically to prevent dangerously high voltages, protective ele-
ments may have to be added in a rectifier subject to switching at light
loads. The necessity for such protection may be estimated from ex-
citing volt-ampere data plus the curves of Fig. 73.

Insufficient attention sometimes is given to the manner in which
power supply lines are brought into buildings. This is particularly
important where a rectifier is supplied by overhead high-voltage lines.
Because of their relatively high surge impedance, lightning and switch-
ing surges occurring on such lines may cause abnormally high voltages
to appear in a rectifier and break down the insulation of transformers
or other component parts. The likelihood of such surges occurring
should be taken into account before the transformers are designed.

Underground cable power lines impose much less severe hazards:
first because they are protected from lightning strokes, and second be-
cause they have much lower impedance (about one-tenth that of over-
head lines). Surges on these cables have much lower values compared
to those on overhead lines carrying the same rated voltage. Protection
against these surges varies with the type of installation.

The best protection of all is provided by an indoor power system
with an underground cable connecting it to the rectifier. Good pro-
tection is afforded by oil-insulated outdoor surge-proof distribution
transformers, stepping down to the rectifier a-c power supply voltage,
with an underground cable between the distribution transformer and
rectifier. No protection at all is provided when overhead lines come
directly into the rectifier building.

With the trend to dry-type insulation, it is desirable to use lightning
arresters on overhead lines where they enter the building. Because
of their low impulse ratio, dry-type transformers require additional
arresters inside the building. When a line surge is discharged by a
lightning arrester, there is no power interruption.

56. Rectifier Filter Charts. From the preceding sections, it can be
seen that various properties of rectifier filters, such as ripple, regula-
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tion, and transients, may impose conflicting conditions on rectifier
design. To save time in what otherwise would be a laborious cut-and-
try process, charts are used. In Fig. 100 the more usual filter prop-
erties are presented on a single chart to assist in arriving at the best
filter directly. This chart primarily satisfies ripple and regulation
equations 46 and 53 for a choke-input filter.

Abscissa values of the right-hand scale are bleeder conductance in
milliamperes per volt, and of the left-hand scale, filter capacitance
in microfarads. Ordinates of the lower vertical scale are inductance in
henrys. Lines representing various amounts of ripple in the load are
plotted in quadrant I, labeled both in db and rms per cent ripple.
In quadrant II, lines are drawn representing different types of recti-
fiers and supply line frequencies. A similar set of lines is shown in
quadrant IV.

Two orthogonal sets of lines are drawn in quadrant III. Those
sloping downward to the right represent resonant frequency of the
filter L and C, and also load resistance R;. The other set of lines is
labeled v/L/C, which may be regarded as the filter impedance. It can
be shown that the transient properties of the filter are dependent upon
the ratio of v/L/C to Ry.

The L scale requires a correction to compensate for the fact that
ripple is not exactly a linear function of L but rather of X, — Xo.
The curves in the lower part of quadrant IV give the amount of
correction to be added when the correction is greater than 1 per cent.

Instructions for Using Chart

1. Assume suitable value of bleeder resistance or bleeder current I,
in millamperes per volt of E,. This is also steady-state peak ripple
current in milliamperes.

2. Trace upward on assumed bleeder ordinate to intersect desired
value of load ripple, and from here trace horizontally to the left to
diagonal line for rectifier and supply frequency used. Directly under,
read value of C.

3. Trace downward on same assumed bleeder ordinate to intersect
diagonal line below for rectifier and supply frequency, and read
value of L.

4. From desired ripple value, determine correction for L on graph
at lower right, and add indicated correction to value of L.

5. Using corrected value of L and next standard value of C, find
intersection in third quadrant, and read maximum resonant fre-

quency f.
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6. Using same values of L and C as in 5, read value of ratio v/ L/C.
7. Under intersection of \VL/C with load resistance R; read values
of the four transients illustrated in Fig. 101 (in per cent).

Example (shown dotted). Three-phase full-wave 60-cycle rectifier; Eg, =
3,000 v; I, = 1 amp; I; = 96 ma; load ripple = —50 db; balanced line.
Solution:

Bleeder ma/volt = 0.032.

C = 4.5 uf (use 5 uf).

Scale value of L = 0.78 h; corrected value = 0.82 h.

Resonant frequency = 75 cycles.

Load resistance R, = 3,000 ohms.

T = 7l2 = 7 amp; AEp = 12 per cent; AEx = 15 per cent; AE, = 80
per cent.

In polyphase rectifiers the possibility exists of enough phase unbal-
ance to impress a voltage on the filter having a frequency lower than
the normal fundamental ripple frequency. If the filter L and C
resonate near the unbalance frequency, then excessive ripple may be
cxpected. Conversely, the L and C should have a resonant frequency
lower than the unbalance frequency to avoid this trouble. Quadrant
III of the chart has a series of lines labeled f,, and the intersection of
L and C thereon indicates this resonant frequency. It should be no
higher than the value given in the small table on the chart if excessive
ripple is to be avoided. This table is based on 2 per cent maximum
unbalance in the phase voltages.

For most practical rectifier filters, transient conditions fall within
the left-hand portion of the third quadrant. The other conditions
sometimes help in the solution of problems in which L and C are inci-
dental, e.g., the leakage inductance and distributed capacitance of a
plate transformer.

Although the chart applies directly to single-stage, untuned filters
with constant choke inductance, it can be used for other types with
modifications:

(@) Shunt-Tuned Choke per Fig. 93. Figure 100 can be used di-
rectly for capacitance C, but, for a given amount of ripple, divide the
chart values of inductance by 3 in order to obtain the actual henrys
needed in the choke.

{b) Swinging Choke. 1If at light load the filter choke swings to S
times the full-load value of henrys, multiply the capacitance obtained
from the chart by the ratio 8 to find the capacitance needed (C,). The
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Fic. 100. Choke-input filter chart.
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valuc of L obtained by projecting the bleeder current downwards is
the maximum or swinging value. It must be divided by 8 to obtain
the full-load value. Transicnt conditions then may be approximated
by using capacitance C, and the full-load value of henrys.

~‘_¥_ __r
I RRTAN el | \*F5~
\/ N Ip \/ ~—Edc
t t
TRANSIENT CONDITIONS WHEN RECTIFIER 1S STARTED
AE
TR,
4. /\\_/ EdC T“’ EdC
—
AEp
t t
VOLTAGE DIP AEp VOLTAGE RISE AER

TRANSIENT CONDITIONS WITH VARIABLE LOAD

Fie. 101. Four transient conditions in choke-input filter ecircuit and curves.

(¢) Two-Stage Filters. In a filter with two identical stages, Fig.
84(b), the chart can be used if it is recognized that the ripple is that on
the load side of the first choke. For example, if the filter consists of
two stages both equal to that in the example given for the single-stage
filter, the ripple would not be —100 db but —75 db, because of the
fact that the rectifier output has (per Table VII) only 4 per cent
ripple, which is —25 db.

The regulation in a two-stage filter, as far as capacitor effect is con-
cerned, depends upon the inductance of the first choke as in the single-
stage filter. Therefore the chart applics dircetly to the inductance
and capacitance of one stage. The peak ripple current likewise de-
pends upon the inductance of the first choke, regardless of the loca-
tion of the bleeder resistor. Transients, however, are more compli-
cated, owing to the fact that the two stages interact under transient
conditions.?

57. Rectifier Efficiency. ILosses in a rectifier consist of transformer,
tube, and filter losses. Filament power should be counted as loss,
cspecially when a tube rectificr is compared with a rotating machine

1See Proc. I.R.E., 22, 213 (February, 1934).
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or metal disk rectifier. In spite of this loss, a high-voltage polyphase
rectifier of the mercury-vapor or pool type may have 95 per cent
efficiency at full load. In contrast, the rectifier for a radio receiver
rarely has more than 60 per cent efficiency. Reasons for this low figure
are the high tube and reactor IR drops and low transformer efficiency.
The filament power, too, is a greater portion of the total.

58. Rectifier Tests. Even though the transformers, chokes, tubes,
and capacitors have been tested before assembly of the rectifier, per-
formance tests of the rectifier are desirable. These generally include
tests of output, regulation, efficiency, ripple, and input kilovolt-
amperes or power factor. Accurate meters should be used, and poly-
phase rectifiers should have Dbalanced supply voltages. Wiring is
tested at some voltage higher than normal, preferably with trans-
formers, tubes, and capacitors disconnected to avoid damage during
the test. Ordinary care in testing is sufficient cxcept for regulation
tests. If the regulation is low, the difference in meter readings at no
load and full load may be inaccurate. Differential measurements are
sometimes used, such as a voltmeter connected between the rectifier
and a fixed source of the same polarity and voltage. Artificial loading
of a high-voltage rectifier is often a problem. Water rheostats have
been used for this purpose. Load tests, preferably in combination
with the transmitter or other apparatus which the rectifier is to supply,
are safeguards against field troubles. Operating tests are essential
when the load 1s keyed or modulated, so that overheating or inadequate
transformer operation may be detected.

Ripple is measured either with a special hum-measuring instru-
ment or with a capacitance-rcsistance network arranged to block the
direct current from the measuring circuit. Capacitance and resistance
values in the measuring circuit should be so chosen as to avoid influ-
encing the ripple or loading the rectificr transformer. Sometimes
capacitance dividers arc used for this purpose. The problem of proper
values becomes particularly eritical with high-voltage low-current
rectifiers. The effect of stray capacitance is especially important.



5. AMPLIFIER TRANSFORMERS

An amplifier is a device for increasing voltage, current, or power
in a circuit. The original wave form may or may not be maintained;
the frequency usually is. An amplifier may be mechanical, electro-
mechanical, electromagnetie, or electronic in form, or it may be a com-
bination of these. In this chapter the transformer-coupled electronic
amplifier is considered. The amplifier consists of a vacuum tube, or
similar deviee, with transformers, capacitors, and resistors. Input
voltage or current is impressed on some element of the tube; this causes
higher voltage or current to appear in the output circuit.

59. Amplifier Potentials. Electronic amplifiers are characterized by
the use of tubes having three or more elements. In triodes or three-
element tubes, the addition of the third element, the grid, alters the

CATHODE ANODE CATHODE GRID ANODE
[}
|
Ep i Eg
POSITIVE GRID
VOLTAGE
0 0
NEGATIVE GRID
VOLTAGE
VOLTAGE GRADIENT VOLTAGE GRADIENTS
IN DIODE IN TRIODE

Fre. 102. Diode and triode voltage gradient.

voltage gradient between cathode and anode as shown in Fig. 102. The
grid either aids or opposes the flow of electrons from cathode to anode,
depending on whether the grid voltage is positive or negative respec-
tively, compared to the cathode, which is shown at zero voltage in
Fig. 102.

As the grid voltage is made more and more negative, electron flow
is diminished and finally stops. At this point the anode current is
zero; the condition is called anode current cut-off.

If the grid voltage is made more and more positive, eventually
140
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further increase in grid voltage causes no additional anode current
increase. This condition is called grid saturation.

Tetrodes and pentodes have respectively two and three grids. The
voltage gradient between cathode and anode is more complex than
that indicated in Fig. 102. The advantages to be gained from the addi-
tional grids are mentioned below.

60. Transformer-Coupled Amplifiers. Amplifier circuits in which
transformers are used can be represented by a circuit similar to that
of Fig. 103(a). Here a triode is shown with a voltage e, impressed
upon the grid, which comprises the grid bias (a constant negative
direct voltage) and a superimposed alternating voltage e,. Anode

Zg

— e Z, Feq e | |2
=i P

+
| =
T

Fic. 103. (a) Transformer-coupled amplifier; (b) equivalent circuit.

(@) (b)

voltage Ep is supplied from some source through the primary of the
transformer, across which appears an alternating voltage e,. The
secondary of the transformer is connected to a load Z;. Under certain
conditions, which will be defined below, this circuit may be simplified
to that of Fig. 103(b). A fictitious alternating voltage ue, is impressed
on the circuit, where p 1s the tube amplification factor. Internal tube
resistance Zg is in series with the load Z,, which is reflected by the
transformer to the proper value in the primary circuit for tube opera-
tion. That is, Z,, in Fig. 103(b) is equal to that in Fig. 103(a) only if
the transformer has a 1:1 ratio. For any turns ratio, the quotient of
two Z’s is equal to the (turns ratio)? as in equation 7 (p. 8). Note
that the winding resistances are regarded as zero, so that, in the ab-
sence of a grid signal, full voltage Ep appears on the plate of the
vacuum tube.

Alternating voltage pe, causes voltage e, to appear across the load
Z;. 'The voltage e, is not p times e, but is related by the following
equation:
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& (58)

ep = peg ——————

! “Z¢ + Zr,
Although transformer-coupled amplificrs are used sometimes for volt-
age amplification, they are used mostly where power output is required
of the amplifier and where a good reproduction of the grid voltage is

required in the plate circuit.

61. Tuned Amplifiers. Figure 104 shows the circuit for an amplifier
in which the output voltage appears across a parallel-tuned circuit.

Zy

Fic. 104. Tuned amplifier.

This circuit is shown coupled to a load Z,. This type of amplifier may
be used where large outputs are required, but the voltage e, is not neces-
sarily a reproduction of e,, and they are not related as in equation 58.

62. Amplifier Classification. Amplifiers can be divided into classes,
depending upon the mode of operation. A class A amplifier is one in
which the grid bias and alternating grid voltage are such that anode
current flows continuously. In a class B amplifier the grid bias is
almost equal to the cut-off value, so that plate current is nearly zero
when no exciting grid voltage is applied. When full alternating grid
voltage is applied, plate current flows for approximately one-half of
each cycle. A class C amplifier has a grid bias greater than the cut-off
value, so that the plate current is zero when no alternating grid voltage
is applied and it flows for appreciably less than one-half of each cycle
when an alternating grid voltage is applied. These classes are 1llus-
trated in Fig. 105, in which the alternating plate current, plate voltage,
grid voltage, and grid current are shown with the steady or average
values which are, respectively, Ip, Ep, E¢, and I Relative plate and
grid voltage amplitudes for these three types of amplifiers are shown
in Fig. 105, and other properties are summarized in Table XI.

Class A amplifiers are characterized by comparatively high no-signal
anode current. Usually the grid never swings positive. Anode cur-
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Fic. 105. Amplifier voltages and currents.
Tasue X1, AMpurier CLASSES
Amplifier Class A B C
Anode efficiency
a. Theorctical maximum 50%, 78.5% * 1009,
b. Practical wvalue for
low distortion Up to 309, 40-67% * 70-859%, t

Output proportional to

Grid current I,
Anode current /p

eg” e’

None Smalil

Fairly e = 0, Ip low
constant e; = max, /g high

* Thesc values are for push-pull amplifiers.
t With a high-@ tank circuit, the efficicncy depends on excitation power.
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Eg? (grid saturated)

Large (may = Ip)

e =0,Ip=0

eg = max, Ip high
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rent remains comparatively constant, when averaged over a whole a-c
cycle. In class B amplifiers, the grid is biased at a greater negative
potential so that current is nearly cut off in the absence of a signal.
Positive swings of grid voltage result in anode current being drawn;
this causes a dip in the residual voltage on the plate of the amplifier.
Negative grid swings cause no plate current to flow but do cause a
positive plate voltage swing. In class C amplifiers, the grid is biased
more negatively still, with the re-
sult that plate current flows for less
than half a cyecle, and mostly when

- the plate voltage on the tube is af
a relatively low value. Grid cur-

rent in this class of amplifier

J HZL reaches values comparable to the
plate current. Output voltage

wave form is maintained by a

tuned plate circuit.
Operation may sometimes be im-
proved by the use of two tubes

connected push-pull, as shown in
Fic. 106. Push-pull amplifier. Fig. 106. This is the most common
connection for class B amplifiers;
also, it 1s frequently used in class A amplifiers. Intermediate between
class A and class B amplifiers arc those known as class AB with grid
bias and efficiency intermediate between class A and class B amplifiers.
Such amplifiers are further subdivided into class AB; and class AB..
Class AB; amplifiers draw no grid current, but the bias voltage is
somewhat higher than the class A value and the plate current may be
discontinuous during the cycle when grid signal is applied. Class AB»
amplifiers draw grid current but are not biascd as close to cut-off as
class B amplifiers. Both class AB; and AB, amplifiers are commonly
used with the push-pull connection.

Tube propertics such as plate resistance r,, amplification factor g,
and mutual conductance ¢,, may be calculated from data published for
cach tube in the form of characteristic curves. Operating conditions
such as plate- and grid-voltage swings, power output, plate dissipation,
and efficiency also arc found from these curves. Theoretical discus-
sions of such data may be found in books on amplifiers.

63. Decibels; Impedance Matching. In amplifier work, the ratio of
two voltages E; and E, at the same impedance level is often stated in
decibels (db) according to the definition
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db = 20 logyo (E1/E2) (59)

Amplifier voltage gain, transformer ratio, frequency response, and
noise levels all may be expressed in decibels. Volume, voltage, or
power in decibels must be compared to a refcrence level; otherwise the
term is meaningless. A standard referencc level 1s 1 milliwatt. This
is expressed as zero dbm. Across 600 ohms, the voltage for zero dbm
is 1/0.001 X 600 = 0.775 volt; for 20 dbm the voltage is 7.75 volts.

Transmission lines at audio and higher frequencies exhibit properties
commonly ignored at 60 cycles. Line wavelength, characteristic im-
pedance, and attenuation are important at audio frequencies; so is
the matter of matching impedance. If a long transmission line has no
attenuation, its characteristic impedance is given by

L
Zo = \/5 (60)

where L and C are the inductance and capacitance per unit length. If
such a line terminates in a pure resistance load equal in ohmic value
to Zo, all the power fed into the line appears in the load without
attenuation or reflection. This is called matching the impedance of
the line. It is very desirable to save audio power and avoid reflec-
tions; therefore impedance matching of lines is the usual practice
wherever possible. The notion has been extended to include the load-
ing of vacuum tubes, but this is stretching the meaning of the term
matching. A vacuum tube has its optimum load impedance, but the
value depends upon the conditions of tube operation and is not neces-
sarily the same as the tube internal impedance.

Power transmission lines operating at 60 cycles are rarely long
enough to act as appreciable source impedances. When a short-circuit
or low-impedance fault occurs on the load side of a power transformer,
the load current is limited mainly by the transformer short-circuit
impedance. In a vacuum-tube amplifier, the load current delivered
into a short-circuited load is limited mainly by the vacuum-tube in-
ternal resistance rather than by the transformer. At certain fre-
quencies the transformer itself may contribute to low load impedance.
But the greatest difference between power and amplifier transformers
is the difference in source impedance. Even the use of the word im-
pedance in the two fields of application reflects this difference. In
power work, transformer impedance denotes the short-circuit im-
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pedance; in amplifier work, the same term refers to the load or source
impedance.

64. Amplifier Transformers. The major problem of amplifier trans-
former design is obtaining proper output when the transformer is
operated in conjunction with the apparatus for which it is intended.
Several factors external to the transformer affect its performance,
namely, (1) impedance of the source; (2) linearity of this impedance;
(3) impedance of the load; and (4) frequency.

The simplest method of dealing with amplifier transformers is an
adaptation of the so-called equivalent network which has long been
used for power transformers. The transformer that connects the
source to its load in Fig. 103(a) may be represented more fully by the
diagram of Fig. 107(a).

656. Low-Frequency Response. At low frequencies, the leakage re-
actances are negligibly small. Resistance Rp may then be combined
with Z, to form E; for a pure resistance source, and Rg with Z;, to form
B, for a resistance load. At low frequencies both source and load are
pure resistance, and the circuit may be simplified to that of Fig. 107(b).
Here the a? has been dropped; in other words, a transformer with a
1:1 ratio is shown, referred to the primary side. Xy is the primary
open-circuit reactance, or 2=f times the primary open-circuit inductance
(OCL) as measured at low frequencies.

If shunt resistance Ry is included in load resistance E,, the circuit
becomes like that of Fig. 107(c). Winding resistances are small com-
pared with source and load resistances in well-designed transformers.
Likewise, Ry is high compared with load resistance, especially if core
material of good quality is used.

Therefore, to a good approximation, in Fig. 107 (¢), B, may represent
the source impedance and R, the load impedance. On a 1:1 turns-
ratio basis, the voltages E, and E; are proportional to the impedances
across which they appear or

JX NIy
E Xy + R
vt e 61
E, R, + .J}XNR2
JXn + B

The scalar value of this ratio is found by taking the square root of the
sum of quadrature terms:
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E, 1
- (62)

SN,
Ry X
Equation 62 holds for any values of Ry, Ks, and Xy whatsoever, but
there are three cases that deserve particular attention: (a) R, = Ry;
(b) Ry =2Ry; and (¢) Rs = . Of these, (a) corresponds to the
usual line-matching transformer with the source and load impedances

equal; (b) is often recommended for maximum undistorted output of
triodes; (c) is realized practically when the load is the grid of a class A

Zg Rp Xp Xg/a2 Rg/a2
Z,
XN Ry s
(a)

(d)

SYMBOLS

a = RATIO OF SEC. TO PRI. TURNS Ry=PRI.NO LOAD (GORE LOSS)

Gp = PRL WINDING GAPAGITANGE EQUIVALENT RESISTANGE
Gae SEC. WINDING CAPAGITANGE Xy*PRI.OPEN GIRGUIT REAGTANGE

CrsCp+02Cy Xp=PRI.LEAKAGE REAGTANGE
f = ANY AUDIO FREQUENGY Xg * SEC. LEAKAGE REAGTANCE

R 2
fr - RESONANCE FREQ.OF X_ & Xg L"Xp¥Xs/a
Re=PRI WINDING RESISTANGE X TOTAL GAPACITY REACTANGE

Rg=SEC. WINDING RESISTANCE s 217Gy

Z=SOURCE IMPEDANCE
Z_=LOAD IMPEDANCE

Fic. 107. (a) Transformer equivalent circuit; (b) low-frequency equivalent cir-
cuit; (¢) simplified low-frequency circuit; (d) high-frequency equivalent circuit;
(e) simplified high-frequency circuit.
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amplifier. For these cases, equation 62 becomes

B, 1
R D s (©2)

e

Xn

B, 1

1 1

2.25 S
+ ()

B, 1
e (620)

T o)
1 —_—
\[ \x

These three equations are plotted in Fig. 108 to show low-irequency
response as “db down” from median. The median frequency in an
audio transformer is the geometric mean of the audio range; for other
transformers it is a frequency at which the ratio Xy/R; is very large.
At median frequency the circuit is properly represented by Fig. 103 (b).
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F1e. 108. Transformer characteristics at low frequencies.
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The equivalent voltage ratio E»/E; has maxima of 0.5, 0.667, and 1.0
for cases (a), (b), and (c), respectively, at the median frequency, or for
Xy/R; = oo in Fig. 108. The higher OCL, the nearer the transformer
voltage ratio approaches median-frequency value. The lower the
value of loading resistance R, the lower the equivalent voltage ratio
is. The factors 0.5, 0.667, and 1.0 multiplied by the turns ratio, a,
give the actual voltage ratio at median frequency. At lower fre-
quencies, the factors diminish.

The transformer loaded by the lowest resistance has the best low-
frequency characteristic. A transformer having an open-circuit sec-
ondary has twice the voltage ratio and gives the same response at
twice the “low end” frequency of a line-matching transformer of the
same turns ratio.

Figure 108 is of direct use in determining the proper value of primary
OCL. Permissible response deviation at the lowest operating fre-
quency fixes Xy/R; and therefore Xy. At the corresponding fre-
quency, this represents a certain value of primary OCL. As this in-
ductance determines the size and weight of the transformer, the impor-
tance of Fig. 108 is evident.

If the primary and equivalent (1:1) secondary winding resistance
each are 5 per cent of By, the total effect will be a decrease of 10 per
cent in the median-frequency voltage ratio, in the case of the line-
matching transformer, with corresponding decreases at lower fre-
quencies. On the other hand, the primary resistance of an open
secondary transformer has no effect upon the median-frequency voltage
ratio but has some effect at lower frequencies, whereas the secondary
resistance has no effect either at median or at lower frequencies.
Hence it is important in the open secondary case, for the sake of low-
frequency response, to keep the primary winding resistance low, but
the secondary winding resistance may be any value. The maximum
number of secondary turns may be determined by the smallest practi-
cable wire size rather than by winding resistance.

As the frequency increases, the primary inductive reactance Xy also
increases until it has almost no effect upon frequency response. This is
true for median frequency in Fig. 108. It is also true for higher fre-
quencies; in other words, the OCL has an influence only on the low-
frequency end of the frequency response curve. The ratio of B, to R,
still limits the voltage ratio, however. If the amplifier works at one
frequency only, OCL is determined by the deficiency in voltage gain
that can be tolerated in the amplifier design. This can be found in
Fig. 108.
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In an amplifier with a band of operating frequencies, e.g., the audio
band, a well-designed transformer has uniform voltage ratio for a
frequency range extending from the frequency at which Xy ceases to
exert any appreciable influence, upward to a zone designated as the
high-frequency end of the transformer {frequency range.

66. High-Frequency Response. The factors that influence the high-
frequency response of a transformer are leakage inductance, winding
capacitance, source impedance, and load impedance. Hence a new
equivalent diagram, Fig. 107(d), is necessary for the high-frequency
end. Winding resistances are omitted or combined as in Fig. 107(b).
Winding capacitances are shown across the windings. If primary and
secondary leakage inductances and capacitances are combined, Xy is
omitted as if it were infinitely large, and a2 is dropped as before, the
circuit becomes that shown in Fig. 107 (e). X, is the leakage reactance
of both windings, X¢ the capacitive reactance of both windings, and
R, the load resistance, all referred to the primary side on a 1:1 turns-
ratio basis.

At any frequency, the equivalent voltage ratio in the circuit of
Fig. 107(e) can be found by the ratio of impedances, as for the low-
frequency response. The scalar value is

E 1
2= (63)

2 4 2
F )
Xe¢ R Xe¢ R,

In equation 63 the term Xp/X¢ may be written 4#%f2LC = f2/f,?,
where 1/(2r/LC) = f,, the resonance frequency of the leakage in-
ductance and winding capacitance, considered as lumped and without
resistance. Also X1./Re = Xcf%/Rof,?. Assign to the ratio X¢/R; a

value B at frequency f,. Then at any frequency f, X¢/Ry = Bf./f. In
the three cases considered at the low frequencies,

R2 = Rly
B _ 630)
El - \/< f +B}>2+ <f2 20>2 ( a
B, ) N2 T
=2
R2 Rl; E2 1
— = (63b)

B J(é + %’): <jf—22 - 1.5>2
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By 1

= = ‘ ; (63¢)
SINCORI D

Equations 63a, b, and ¢ are plotted in Figs. 109, 110, and 111. 1If
X¢/R; has certain values at frequency f,, the frequency characteristic
is relatively flat up to frequencies approaching f,. In particular, per-
formance is good at B = 1.0 in all three figures.
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Fic. 109. Transformer characteristics at high frequencies (line matching).

When leakage inductance and winding capacitance are regarded as
“lumped” quantities, current distribution in the windings is assumed
to be uniform throughout the range of frequencies considered. As
shown in Chapter 7 (Section 97), this assumption is valid up to the
resonance frequency f,. At frequencies higher than f,, there may
be appreciable error in Figs. 109, 110, and 111. But good frequency
characteristics lie mainly below the frequency f,, where the curves are
correct within the assumed limits.

To use these curves in design work, choose the most desirable
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characteristic curve and, from a knowledge of the source impedance,
find the proper value of capacitive reactance X¢ at frequency f,. The
value of f, should be such that the highest frequency to be covered lies
on the flat part of the curve. X¢ and f, determine the values of wind-
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Fic. 110. Transformer characteristics at high frequencies (triode output).

ing capacitance and leakage inductance that must not be exceeded
in order to give the required performance.

In Fig. 107(e) the capacitance is shown across the load. This is
correct, if the main body of capacitance is greater on the secondary
than on the primary side. Normally this is true if the secondary wind-
ing has the greater number of turns. Figures 109, 110, and 111 are thus
plotted specifically for step-up transformers. Modifications are neces-
sary for step-down transformers, the equivalent circuit for which is
shown in Fig. 113. Analysis shows the scalar voltage ratio to be

> 1 n

E,  [/Ry X.\* (R X. R, 2
LI R e
X¢ R, R X¢ Ry
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Notice the similarity to equation 63. In fact, if E; = R,, equation 64
reduces to equation 63; for this case the response is the same for step-
down and step-up transformers, and is given by Fig. 109.

+8 T 1 TT] l ‘\l
T oi2o
r Xo = Rp = © I/
5t 4 \
g“ 1T x = Xg AT FREQI. fr // /3_1-4' \
g ” 24 \
- 42 B= 7= AT FREQ. fr 7
g ! 1 ,4// ’-stéo \\
=Z=amEa A\
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30 T~ TR N
. D N, NN
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-3 N \
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5 A \\\\\\\\Q\
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[o]] 0.2 0.4 06 08 1.0
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Fia. 111. Transformer characteristics at high frequencies (class A grid).

For R, = 2R, cquation 64 becomcs, after substitution in terms of
frequency,
E, 1
2 2 2
NS e
B, 2,/ \2f?
which is plotted in Fig. 113. Non-uniform response comes at somewhat
lower frequency than in Fig. 110.

The case of B; = « for step-down transformers is not important.
By inspection it can be seen to be the response of E; and X¢ in series,
because X, carries no current. This case rarely oceurs in practice.

67. Harmonic Distortion. Audio response may be good according to

Figs. 109, 110, 111, and 113, but at the same time the output may be
badly distorted because of changes in load impedance or phase angle.

(65)
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Fic. 112. Audio amplifier. Audio transformers are inverled on chassis at left.
Power supply is at right.

>
[}
X
n
m
n
L

N h X
AN N B=R—:’ AT FREQ. f,
X, =X¢ AT FREQ.f, -]

NN \Meie ry-2m, 1
NN

N B=1,2
N B=0.7,28

© o N O 0 s 0N - O
d
//
]
L~
=

\B=O.5,4

Db DOWN FROM MEDIAN FREQUENCY

\ [B=0.25,6
A 1.0 10
£,

F1c. 113. High-frequency response of step-down transformers.
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This possibility is considered here for the case in which the load im-
pedance is twice the source impedance.

The phase angle of the equivalent circuits of Figs. 107 (a) and (e)
is found by taking the angle whose tangent is the ratio of imaginary
to real components of the total circuit impedance in each case. This

40

30 P Y

20 / \

o

PHASE ANGLE IN DEGREES
o

-10
R|
-20 _ |
Xn | |Re
-30 —
Ro= 2R,
-40
0. 0.2 04 06 08 10 2.0 40 60
XN
Ry

Fic. 114. Variation of amplifier phase angle at low frequencies.

angle is plotted in Figs. 114 and 115 for the low- and high-frequency
ranges, respectively, with the same abscissas as in Figs. 108 and 110.
It is the angle between the voltage £; and the current entering the
equivalent circuits of Figs. 107 (¢) and (e) and therefore represents the
angle between a-c grid voltage and plate current. Positive angle indi-
cates lagging plate current.

The phase angle exhibited by a transformer over the range con-
sidered in Figs. 114 and 115 does not exceed 30°, whereas for the most
favorable curve in Fig. 115 (B = 1.0) it does not exceed 15°. To study
the effect of phase angle alone upon distortion, the light load of 8,800
ohms is plotted upon the plate characteristics of triode type 851 in Fig.
116. The result is a sine wave of plate voltage. If the phase angle
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F1e. 115. Variation of amplifier phase angle at high frequencies.

between grid voltage and plate current waves is then arbitrarily made
30°, as in Table XII, the elliptical load curve obtains. The wave of

Tapre XII. 851 Triope OpERATION WITH 8,800-OEM 30° PHASE ANGLE LoAD

0 (deg) ec i e
0 — 60 0.245 1850
30 — 33 0.300 1400
60 — 13 0.355 1080
90 - 6 0.395 960

120 - 13 0.410 1150
150 — 33 0.395 1520
180 — 60 0.355 2000
210 — 87 0.300 2460
240 —107 0.245 2790
270 —114 0.205 2880
300 —107 0.190 2720
330 — 87 0.205 2350
360 — 60 0.245 1850

ate voltage is plotted for both zero and 30° phase angle in Fig. 117.
1ese wave forms indicate that the phase angle encountered in audio
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transformers does not of itself introduce much distortion in a lightly
loaded triode.

The influence of load impedance on distortion will be considered next.
In Fig. 107(¢) the load impedance, to the right of the dotted line, is

IR Xy
Ro + jX N
Hence
XN>2

1 -8
,
— = — (66)
R, R, 4 Xn

Xy Ry

Equation 66 is plotted in Fig. 118. It shows the change in load Z from
its median-frequency value R, as the frequency is lowered. Abscissas
are Xy/R; instead of Xy/R; as in Fig. 108.
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0.l 0.2 04 06 08 10 2.0 4.0
XN
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Fic. 118. Variation of load impedance with transformer characteristics at low
frequencies.

For the higher audio frequencies, the load impedance at the right of
the dotted line in Fig. 107 (e) is
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_JX1By + X1 X — jXcRy

Z -
Ry — jX¢

XN /X Xe X. O\
, e
Z R, R, Xc
== (67)
R, R, Xc

X¢ R,

If we let X¢/Ry = D at frequency f,, then, at any frequency f, X¢/Ro
= Df./f. 1f this substitution is made in equation 67 and also if
Xi/Xe = 12/175

— = (67a)

Equation 67a is plotted in Fig. 119 for several values of D. The
impedance varies widely from its median-frequency value, especially
at lower values of D.
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Frc. 119. Variation of load impedance with transformer characteristics at high
frequencies.
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From Figs. 118 and 119 it is possible to compare the change in im-
pedance with the frequency response curves in Figs. 108 and 110.
When this comparison is made it should be remembered that B = 2D
for the triode conditions assumed here. If the amplifier response is
allowed to fall off 1.0 db at the lowest frequency, the corresponding
value of Xy/R, from Fig. 108 is 1.3. This means that Xy/R» is 0.65.
The corresponding load impedance in Fig. 118 is only 0.55 of its me-
dian-frequency value. Likewise, for 0.5-db droop of the frequency
characteristic, the load impedance falls to 0.7R,, whereas for a good
load impedance of 0.9R, the frequency characteristic can fall off only
0.1 db. It is thus evident that load impedance may vary widely even
with comparatively flat frequency characteristics.

At high audio frequencies the divergences are still greater. Suppose,
for example, that a transformer has been designed so that X¢/E; is
1.0 at f, (that is, B = 1.0 in Fig. 110). Suppose further that the highest
audio frequency at which the transformer operates is 0.75f,. The
amplifier then has a relatively flat characteristic, with a slight rise
near its upper limit of frequency. In Fig. 119, the curve corresponding
to B = 1.0 is marked D = 0.5, for which at 0.75f, the load impedance
has dropped to 32 per cent of Rs, an extremely poor match for the tube.

It might be thought that, since 0.75f, is the upper frequency limit,
the harmonics resulting from the low value of load impedance would
not be amplified, and no harm would be done. But at the frequency
0.375f,, whose second harmonic would be amplified, the load imped-
ance is only 0.69R,.

Between 0.375f, and 0.75f, (over half of the amplifier frequency
range) the load impedance gradually drops from 0.69E, to 0.32R,.
Thus distortion is large over a wide frequency range. It would be
much better to design the transformer so that B = 2.0; the change in
impedance is much less, and the rise in response is slight.

To ascertain how much distortion these low load impedances pro-
duce, a series of loads was plotted in Fig. 116 on 851 plate character-
istics: 100, 70, and 50 per cent of the class A UPO value of twice the
plate resistance (3,100, 2,200, and 1,550 ohms, respectively). The
distortion is tabulated below for 54 volts grid swing.

Percentage Percentage Plate Voltage

of 2nd of 3rd Swing (Peak
Load Harmonic  Harmonic to Peak)
3100 ohms 4 1 1500
2200 ohms 10 4 1270

1550 ohms 19 6 1100
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The plate voltage amplitude decrease with low impedance loads
means that the combination of tube and transformer has a character-
istic which droops instead of remaining flat as indicated by the curve
B = 1.0 in Fig. 110.

This droop modifies the upper ends of the curves of Fig. 110.
Although these curves were intended specifically for vacuum tubes,
they were derived on the basis of a constant sinusoidal voltage in the
source. Figure 119 demonstrates one important faet: For vacuum
tubes operating into loads of twice the tube plate resistance, it is
better to design transformers so that B = 2 or more. Then the out-
put voltage and distortion are less affected by impedance variations
at high frequencies. The actual frequency characteristics for triodes
lie somewhere between the curves of Fig. 110 and the correspon:ding
curves of Fig, 119.

Designing transformers for B = 2.0 means keeping the effective
capacitance lower, but the leakage inductance may be proportionately
greater than for transformers having B = 1.0.

Variations of load impedance at high frequency shown in Fig. 119
are for step-up transformers. Similar variations for step-down trans-
formers may be found from equation 68.

Z 1+ (D2 /1%

Ry <f_ D DI\
\/D_fr+fr3 fr>£+l

Equation 68 is plotted in Fig. 120. Impedance rises to peaks in the
vieinity of f,, in contrast to the valleys in Fig. 119. For the same
variation of impecdance, the frequency range is greater for step-down
transformers, especially with values of D = 0.5 and 0.7.

Besides the harmonic distortion caused by variations in load im-
pedance, at low frequencies additional distortion is caused by non-
linear magnetizing current. If a transformer is connected to a 60-cycle
supply line, the no-load current contains large harmonics, but the
voltage wave form remains sinusoidal because the line impedance is
low. But if distorted magnetizing current is drawn from an amplifier
tube, the plate resistance is high enough to produce a distorted voltage
wave form across the transformer primary winding, caused mainly by
the third harmonic. If the harmonic current amplitude Iy in the
magnetizing current is found by connecting the transformer across a
low-impedance source, the amplitude of harmonic voltage appearing
in the output with a higher-impedance source is

(68)
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Eqn InR R
= = 1— (69)
E, L Xy 4X N

where Ey = harmonic voltage amplitude
E; = fundamental voltage amplitude
Iy = harmonic current amplitude
I, = fundamental current amplitude
R = R\Ry/(R1 + Rs). R, Rz, and Xy are as shown in Fig.
107 (c).k
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Fia. 120. Step-down transformer impedance at high frequencies.

If flux density is below the knee of the saturation curve, and if
Xy = 3R, at the lowest operating frequency, the harmonic amplitude
is less than 5 per cent. An air gap in the core reduces this figure.
Table X1III gives typical harmonic currents for silicon steel.

Qutput voltage distortion may be analyzed to find harmonic content
by the usual Fourier method. Several simplifications have been de-

1 For a discussion of equation 69 and magnetizing currents in general, see “Har-
monic Distortion in Audio-Frequency Transformers,” by N. Partridge, Wireless
Engr., 19 (September, October, and November, 1942).
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TasLe XIII. TypicAL SiLicoN-STEEL MAaGNETIZING CURRENT Harmonic Com-
PONENTS WITH ZERO IMPEDANCE SOURCE

Bn Percentage of Percentage of
Gauss 3rd Harmonic 5th Harmonic
100 4 1
500 7 1.5
1,000 9 2.0
3,000 15 2.5
5,000 20 3.0
10,000 30 5.0

vised to reduce the labor and increase accuracy. In general, if the
recommended tube load impcdances are maintained, harmonic per-
centages will be as given in the tube manuals. If other load imped-
ances obtain at some frequencies, to predict the harmonic output re-
quires harmonic analysis.

68. Push-Pull Amplifier Transformers. The analysis of single-side
amplifiers in Section 67 applies to class A push-pull, except that the
second-harmonic components in the amplifier output are due to unlike
tubes rather than to low-impedance distortion.

The internal tube resistance of a class B amplifier varies so much
with the instantaneous signal voltage on the grids, power output, and
plate voltage that it is not practicable to draw curves similar to Figs.
110 and 113 for class B operation. Qualitatively, the characteristic
curves may be expected to follow the same general trend as for class A
amplifiers. A basis for class B amplifier design is to make the trans-
former constants such that the load impedance does not fall below a
given percentage of the load resistance R,. This is discussed below.

Usually the decline with frequency response is greater for class B
than for class A amplifiers, because the effect of internal plate im-
pedance is greater. In the extreme, frequency response falls off pro-
portionately with load impedance.

A change in mode of operation ocecurs in a class B amplifier as the
output passes from one tube to the other in the region of cut-off. This
change-over may cause transient voltages in the amplifier which dis-
tort the output voltage wave form. If the two halves of the trans-
former primary winding are not tightly coupled, primary-to-primary
leakage inductance causes nicks in the output voltage wave, in some-
what the same way as leakage inductance in a rectifier plate trans-

1 For example, “Graphical Harmonic Analysis,” by J. A. Hutcheson, Electronics,
9, 16 (January, 1936).
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former. In a class B amplifier, the change from one tube to the other
is less abrupt than in a rectifier, but in triode amplifiers perceptible
nicks in the voltage wave occur if the ratio of primary-to-primary
leakage reactance to average plate resistance is 4 or more.!

NO LEAKAGE FLUX IN
SPACE BETWEEN COILS A

0 £ +B
JT rc D
Pis2 P1/2 P1
S /2 S /2 8
P2/2 P2s2 2 E
C

Fi6. 121. Core-type push-pull balanced windings.

Balanced operation in a push-pull amplifier, i.e., cqual plate current
and voltage swing on both sides, is possible only if the tubes are alike
and if transformer winding turns and resistances per side are equal.
Shell-type concentric windings do not fulfill this condition because the
half of the primary nearer to the core tongue has lower resistance than
tlie other half. Balance is easier to achieve in the core type of arrange-

ment shown in Fig. 121. In class A am-

A= pas2 4|, P2 T ©  plifiers close primary-primary coupling

0 — X s T-E, is not essential, and balance may be

+5 —bu2 g1 Pese attained by arranging part coils as in
‘ Fig. 122.

% 7 SORE Because only half of the primary

winding of a class B amplifier carries
current during a half-cycle, the leak-
age flux and therefore the primary-to-
secondary leakage inductance have approximately half the values
with both windings active all the time. With capacitive currents,
both windings are active, at least partially. Transformers with
D > 1.0 have low capacitive currents, low leakage inductance, high
resonance frequency, and extended frequency range, in addition to the

Fra. 122. Shell-type push-pull
bualanced windings.

1 See “Quasi Transients in Class B Audio-Frequency Push-Pull Amplifiers,” by
A. Pen-Tung Sah, Proc. I.R.E., 2/, 1522 (November, 1936).
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load-impedance advantages given in Section 67. At high frequencies a
class B amplifier transformer presents a circuit to the tubes like that
in Fig. 123. Let L; be leakage inductance between the halves of the

\<):4 N \ )
IESSO ALY
JEENONNY BN

N
EQUIVALENT CIRCUIT
Lp Lp

v
|

-~
.

Q.l 0.2 0.4 0.6 0.8 LO 2.0
f/f,

Fic. 123. High-frequency load impedance of class B amplifiers.

primary winding, and Lp between each half of the primary and the
secondary. L, is the inductance of one half of the primary winding,
measured with the other half-primary short-circuited and the sec-
ondary open. L. is the inductance of one half of the primary winding,
measured with the other half-primary open and the secondary short-
circuited. In Fig. 123, Ly = 2Lp and Ly = Lp 4+ Lg. Resonant fre-
quency f, is determined by X¢ and X3 = 2#fL;. In this figure D =
XC/R2 at fr-

First one tube delivers power into the equivalent circuit at one end;
then, during the next half-cycle, this tube is cut off and the other tube
delivers power into the circuit at the other end. Thus the transformer
equivalent impedance Z seen looking into the circuit, first at the end
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shown and then at the other end, is fed by one of the tubes at all times.
Impedance ratio Z/R, varies with frequency as in Fig. 123. For some
values of parameter D, impedance falls more rapidly than for class A
amplifiers (Fig. 119), but frequency f, in Fig. 123 is determined by L
and C having approximately half the values of these elements in class
A amplifiers. Hence class B impedance stays flat at higher frequencies,
although response may droop at lower frequencies, than for class A.

Figure 123 is drawn for a ratio of L;/L, = 1.5, which is a practical
design ratio. Lower ratio L;/L, results in decper valleys in the im-
pedance curve; higher L, /L, is more likely to cause nicks in the volt-
age wave. Good practice consists in designing class B amplifier trans-
formers so that the highest operating frequency is less than f,/2 and
L,/L, £1.5. Then harmonie distortion at high frequencies should not
exceed 5 per cent.! Class B modulation transformer impedance is in-
fluenced by circuit elements, so that maintenance of constant imped-
ance over a wide frequency band becomes an overall amplifier problem.
This is discussed further in Chapter 6.

Capacitive currents also cause unbalance at high frequencies, even
with winding arrangements like Figs. 121 and 122. This is evident if
the secondary winding in these figures is grounded at one end; the
effective capacitances to the two primary windings are then unequal.
This problem may be solved by keeping the capacitances small with
liberal spacing, but this practice increases leakage inductance and
cannot be carried very far. Coil mean turn length should be kept as
small as possible by the use of the most suitable core steel. Core-type
designs have smaller mean turns than shell-type. Also, the two
outer coil sections have low capacitance to each other and to the case
if liberal spacing is used, without an increase in leakage inductance.
Flux in the space between the outer sections links all the windings on
one leg and hence is not leakage flux. Consequently, this space is not
part of the term a in equation 33 (p. 76). In push-pull amplifiers the
winding arrangement of Fig. 121 is advantageous because of the low
capacitance between the points of greatest potential difference, 4 and C.

69. Plate Current Increase. In a lightly loaded amplifier the fre-
quency characteristic stays flat at high frequencies, even with a droop
in load impedance, but the plate current rises in inverse proportion to
the impedance. If the plate current can rise enough to maintain con-
stant output voltage, this plate current rise may be objectionable from

1 See “The Design of Broad-Band Transformers for Lincar Electronic Circuits,”
by H. W. Lord, Trans. AIEE, 69, 1005.
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the standpoint of tube heating or plate supply regulation. Values of
plate current rise calculated on the basis of constant output for low
and high frequencies are shown in Figs. 124 and 125. Many satisfac-
tory audio amplifiers have plate currents which would be excessive at
the extremes of the range if high or low notes were amplified continu-
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Fic. 124. Rise in plate current due to transformer impedance change at low fre-
quencies.

ously. They are not damaged because these tones are of short dura-
tion.

70. Pentode Amplifiers. Tetrode tubes have an additional grid be-
tween anode and control grid to reduce the grid-to-anode capacitance.
This additional grid is known as the screen grid and is operated at a
positive potential with a-c¢ bypass to reduce the grid-to-anode capaci-
tance. The chief drawback to this type of tube is that the anode volt-
age swing is limited to the difference between the anode voltage and
screen voltage. This disadvantage is overcome by the addition of a
third grid known as the suppressor, which removes this limitation and
allows large anode voltage swings down to the diode line of the tube.
Sometimes the third electrode is connected internally to the cathode.
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Similar characteristics are obtained with the so-called beam tubes,
which are tetrodes with special screen-grid spacings. Figure 126
shows 616 beam tube plate characteristics, with a typical load line of
2,500 ochms. As a single-side amplifier, such a tube is likely to have
large distortion because of the uncven spacing of constant-grid-voltage
lines. Distortion is reduced in a push-pull amplifier, especially for
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Fic. 125. Rise in plate current due to transformer impedance change at high
frequencies.

high power output. Plate resistance r, is very high in pentodes and
beam tubes, of the order of 10 times the load resistance.

Pentodes are essentially constant-current devices. The value of
Joad impedance is thus an indication of the output voltage, at least for
low frequencies. Response of a low-frequency transformer-coupled
pentode amplifier can be taken from Fig. 118.

At high frequencies, leakage inductance of the transformer inter-
venes between the pentode and its load, so that the primary voltage
and secondary or load voltage are not identical. In Fig. 127 the
change of output voltage for a constant grid voltage at high frequencies
is shown. In this figure, the equivalent circuit is a pi-filter, which is
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desirable for pentode transformers, and is approximated when the
transformer ratio is 1:1. Harmonic content of pentodes is high, espe-
cially in single-side amplifiers. Large phase angle and low load im-
pedance produce undesirable distortion. It is best to use values of
Xx/R, greater than 2 in Fig. 118 at the lowest frequency to avoid
distortion.
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T1e. 127. Pentode frequency response with pi-filter output circuit.

Semiconductor amplifiers known as tranststors have emitter, collec-
tor, and base eclcctrodes; these are analogous, respectively, to grid,
plate, and cathode in a vacuum tube. Emitter and collector currents
are of the same order of magnitude in grounded-base transistors, but
collector impedance is much larger than cmitter impedance. To match
impcdances, transformer coupling is often used between stages of tran-
sistor amplifiers. Junction transistors resemble pentode amplifiers
in having nearly constant collector current over a large range of col-
lector voltage. Hence junction transistor transformer operation closely
resembles that of pentode vacuum-tube transformers, and the fore-
going discussion is generally applicable to both.

71. Calculation of Inductance and Capacitance. Transformer-
coupled amplificr performance is dependent at low frequencies upon
transformer OCL, and at high frequencies upon leakage inductance
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and winding capacitance. Calculation of these quantities is essential
in design and useful in tests for proper operation. Inductance formulas
are repeated here for convenience, along with capacitance calculations.

3.2N%4,
OCL = ——————— (henrys) (38)

108 (lg + =
"

where N = turns in winding
A, = core area In square inches
l; = total length of air gap in inches
[. = core length in inches
p = permeability of core (if there is unbalanced direct current
in the winding, this is the incremental permeability).

For concentric shell- or core-type windings the total leakage induct-
ance referred to any winding is
10.6N2M T (2nc + a)

2 % 10° (henrys) (33)

S

where N = turns in that winding
MT = mean length of turn for whole coil
a = total winding height
b = winding width
¢ = insulation space
n = number of insulation spaces
= number of primary-secondary interleavings (see Fig. 57,
p. 75).

Winding capacitance is not expressible in terms of a single formula.
The effective value of winding capacitance is almost never measurable,
because it depends upon the voltages at the various points of the wind-
ing. The capacitance current at any point is equal to the voltage
across the capacitance divided by the capacitive reactance. Since
many capacitances occur at different voltages, in even the simplest
transformer, no one general formula can suffice. The major com-
ponents of capacitance are from

1. Turn to turn.

2. Layer to layer.

3. Winding to winding.
4. Windings to core.
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5. Stray (including terminals, leads, and case).
6. External capacitors.
7. Vacuum-tube electrode capacitance.

These components have different relative values in different types of
windings. Turn-to-turn eapacitance is seldom preponderant because
the capacitances are in series when rcferred to the whole winding.
Layer-to-layer capacitance may be the major portion in high-voltage
single-section windings, where thick winding insulation keeps the
winding-to-winding and winding-to-core components small. Items 5,
6, and 7 need to be watched carefully lest they spoil otherwise low-
capacitance transformers and circuits.

If a capacitance C with E; volts across it is to be referred to some
other voltage Es, the effective value at reference voltage E is

C. = C(E\*/E;?) (70)

By use of equation 70 all capacitances in the transformer may be
referred to the primary or secondary winding; the sum of these capaci-
tances is then the transformer capacitance which is used in the various
formulas and curves of preceding sections.

In an element of winding across which voltage is substantially
uniform throughout, capacitance to a surface beneath is

C = (0.2254¢/1)  (uuf) (71)

where A = area of winding element in square inches
¢ = dielectric constant of insulation under winding = 3 to 4 for
organic materials
t = thickness in inches of insulation under winding. This in-
cludes wire insulation and space factor.

If the winding element has uniformly varying voltage across it, as in
Fig. 128, the effective capacitance is the sum of all the incremental

o

~ WINDING
;; ;; ;; ;; g; ;g ;;'*—C

GORE

Ez

0

F1e. 128. Transformer winding with
uniform voltage distribution.
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effective capacitances. This summation is

. = C(E12 + E22 + EIEZ)

e - (72)

where C' = capacitance of winding element as found by equation 71
E; = minimum voltage across C
Ey; = maximum voltage across ¢
E = reference voltage for C..

If E; is zero and Es = E, equation 72 becomes
C.=C/3 (73)

or the capacitance, say, to ground of a single-layer winding with its
low-voltage end grounded is one-third of the measured capacitance of
the winding to ground. Measurement should be made with the wind-
ing ungrounded and both ends short-circuited together, to form one
electrode, and ground to form the other.

In a multilayer winding, E, is zero at one end of each layer and
E; =2E/N,, at the other, where F is the winding voltage and N,
is the number of layers. The effective layer-to-layer capacitance of

the whole winding is
40 1
Co= (- — (74)
3NL Np

where C. is the measurable capacitance of one layer to another.
The first and last layers have capacitance to other layers on one side
only, and this is accounted for by the term in parentheses in equa-
tion 74.

Because the turns per layer and volts per layer are greater in wind-
ings with many turns of small wire, such windings have higher effective
capacitance than windings with few turns. In a transformer with
large turns ratio, whether step-up or step-down, this effective capaci-
tance is often the barrier to further increase of turns ratio. With a
given load impedance across the low impedance winding, there is a
maximum effective capacitance C,, which can be tolerated for a given
frequency response. If layer and winding capacitances have been
reduced to the lowest practicable figure C;, the maximum turns ratio

is VCn/C,. Appreciable amounts of capacitance across which large
voltages exist must be eliminated by careful design.
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Since effective capacitance is greater at higher voltages, in step-down
transformers the capacitance may be regarded as existing mainly across
the primary winding, in step-up transformers across the secondary
winding. The effect of this on frequency response has been discussed
in Section 66.

The input capacitance of a triode amplifier is given by *

Cinput = Co_r + (a 4+ 1)Cq_p (75)

where Cg_p = grid-to-cathode capacitance
Ce_p = grid-to-anode capacitance
a = voltage gain of the stage.

Ce_r and Cg_p are given for many tubes in the tube handbooks. They
can be measured in any tube by means of a capacitance bridge.

72. Amplifier Transformer Design. In amplifiers which operate at a
single frequency, transformers are similar in design to rectifier plate
transformers. Size of core is determined by the required value of OCL.
See Section 65. If the winding carries unbalanced direct current, an
air gap must be provided to keep B, within the limits discussed in
Section 38 (Chapter 3). Winding resistances are limited by per-
missible loss in output, or in larger units by heating.

If the amplifier operates over a frequency range, the start of the
design is with OCL to insure proper low-frequency performance. After
ample core area and turns have been chosen, attention must be given
to the winding configuration. Leakage inductance and winding capaci-
tance are calculated and, from them, f, and B. If the high-frequency
response does not meet the requirements, measures must be taken to
increase f, or change B to a value nearer optimum. Sometimes these
considerations increase size appreciably.

Below frequency f,, the leakage inductance per turn is constant and
equal to the total coil inductance divided by the number of turns.
Capacitance per turn is constant and may be large because of the close
turn-to-turn spacing. But the LC product per turn is smaller than the
LC product per layer, because the layer effective capacitance is greater.
Therefore the frequency at which the turns become resonant is higher
than that at which the layers become resonant. Likewise, if there is
appreciable coil-to-coil capacitance, the layer resonant frequency is
higher than the coil resonant frequency f,. If the coil design is such

1See Principles of Radio Communications, by J. H. Morecroft, John Wiley &
Sons, 2nd ed., New York, 1927, p. 511.
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that resonance of part of a coil occurs at a lower frequency than f,,
the transformer frequency response is limited by the partial resonance.
This condition is especially undesirable in
wide range designs, but with reasonable
care it can be avoided.

It is helpful in amplifier transformer
design work to usc a reactance chart,
especially at the higher frequencies where
resonance frequency f. must be known in
order to determine high-frequency proper-
tics. Several reactance charts have ap-
pearcd in the literature.?

Two examples of audio transformer de-
sign are given here to illustrate low- and
high-frequency response calculations.

_EC

Fia. 129. Input transformer
driving push-pull grids.

Ezample (a). Inpul Transformer. To terminate a 500-ohm line and apply
input to push-pull class A grids as in Fig. 129. Primary voltage is 2.0 volts.
Frequency range 100 to 5,000 cycles. Step-up ratio 1:20. No direct current
flows in either primary or secondary winding. Nickel-iron laminations are used.
Refer to Fig. 57 for dimension symbols and winding arrangement.

A, = 0.5sq in.

. = 4.5 In.

Permeability (initial value) = 5,000.

Coil mean turn 4.5 in.

Window 0.578 in.

Primary 400 turns No. 30 single enamel wire.
Secondary 8,000 turns No. 40 single enamel wire (total).
Primary layers 7; layer paper 0.0015 in.
Secondary layers 44; layer paper 0.0007 in.
Vertical space factor 0.9.

b = 0.75 in.

¢ = 0.008 in.

2 —3
3:2 X (8,000 X ?155 X107 _ 730 henrys with small-

0.0005 4+ —— est possible air gap
5,000 (per Table IX, p. 99).
= 540 henrys with aver-

age gap = 0.001 in.

Secondary OCL =

Secondary leakage inductance
_ 106 X (8,000)* X 4.5 X (4 X 0.008 4 0.578)
h 4 X 0.75 X 10° B

1 See “Reactance Chart,” by H. A. Wheeler, Proc. [.R.E., 38, 1395 (December,
1950).

0.62 henry
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Capacitances:
0.225 X 4.5 X 075 X 3 X 0.9

rer- _1 7 = = 1,70
Secondary layer-to-layer 0.0007 T 0.0005 0
Ditto referred to whole secondary = 1532 X 1.33 X 0.977 = 51 puf
Primary layer-to-layer, referred to secondary < 1
Tube input capacitance = 25
Winding-to-core capacitance = 40
Stray capacitance = 10
Total secondary capacitance = 127 puf

With the primary winding located at audio ground on the secondary, there
is virtually zero winding-to-winding capacitance. Secondary-to-core
capacitance is based on a coil form {¢ in. thick.

Total secondary load resistance = 500 X (20)? = 200,000 ohms.

Based on inductance with 0.001-in. gap, X» = 339,000 ohms and Xn/R:
= 1.7.

Response is 0.3 db down, in Fig. 108.

Resonance frequency of 0.62 henry and 127 puf is 18,000 cycles and X, =
70,000 ohms. B = X.,/R;=035. f/f, =5,000/18,000 = 0.28. Re-
sponse is 0.6 db down at 5,000 cycles (from Fig. 109).

Example (b). Inlersltage Transformer. In interstage coupling the impedance
level is high, to maintain both high load impedance and high grid excitation in
the following stage. The limit on the secondary side is the highest resistance
which affords grid circuit stability. There is no impedance limit on the primary
side except that imposed by transformer design. Usually a 1:1 ratio is about
optimum. A step-down ratio gives less voltage on the following grid. A step-up
ratio reflects the secondary load into the plate circuit as a lower impedance.
This reduces the voltage gain, especially with pentodes which have high plate
resistance compared to load resistance. Under this condition, equation 58
becomes

ep/eg = .”-ZL/Tp = gnlL (76)

or the voltage gain is proportional to load impedance. Interstage transformers
commonly have many turns and high OCL.

Suppose that a transformer is required to connect a 6SK7 tube to a 6L.6 oper-
ating class A with 10 volts rms on the grid over a frequency range of 300 to
3,000 cycles. 6L6 grid resistance is 90,000 ohms, which is to be reflected into
the 6SK7 plate circuit as a 90,000-ohm load. Hence a 1:1 turns ratio is used.
6SK7 plate current is 10 ma. The same core as in Example (a) is used, except
that here it is made of silicon steel, and the stacking is reduced so that A, is
0.32 sq in. Primary and secondary windings are single sections; with the pri-
mary start lead connected to 6SK7 plate and secondary finish lead connected
to 616 grid. This leaves adjacent turns in both these windings at zero audio
potential, and effective primary-secondary capacitance is zero.
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Primary turns = secondary turns = 6,600 turns No. 40 enamel wire.
Primary and secondary layers = 37.

Primary mean turn = 3.3 in.

Secondary mean turn = 4.2 in., [, = 0.005 in.

5. _ 06X 6,600 X 0.010
de = 0.005

349 X 10 X 106
"~ 300 X 0.32 X 6,600

B, = 7,805 gauss.
From Fig. 70, ua = 1,100.
_ 3.2 X (6,600)2 X 0.36 X 10~®

= 7,750 gauss.

B, 55 gauss.

OCL 15 = 55 henrys.
0.005 + 1,100
_ 10.6 X (6,600)* X 3.8(2 X 0.008 + 0.578) i
Leakage L = 075 X 10° = 1.4 henrys.
Capacitances:
. 0.225 X 3.3 X 0.75 X 3
rrimary layer-to-layer = 0.0015 = 1,120 puf.
Secondary layer-to-layer = 0.225 X 3'30?50'75 X3 _ 1,415 upf.

Referred to the whole winding, the capacitances are
1,120 X 4 X 0.973 _

4
37 X 3 0 pa
and
1415 X 4 X 0973 _
37 X3 B

Primary—core C = 44
Secondary—core C = 14
Tube capacitances = 17
Stray capacitances = 10

Total capacitance = 175 uuf

fr =10 ke. X = 90,000, D = 1, and response is 1 db down at 3,000 cycles
(from Tig. 127). Xn/Re = 6.28 X 300 X (65/90,000) = 1.04. Figure 118
shows a Z/R; of 0.72; therefore the response is 3 db down at 300 cycles.
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Amplifier applications may require control of hum, distortion, or
frequency response beyond the limits of practical transformer design.
Sometimes the additional performance is obtained by designing extra
large transformers; this is usually an expensive procedure. Sometimes
extra features can be incorporated into the transformers without
marked increase in size. At other times additional circuits are used
either preceding or in conjunction with the amplifier.

In this chapter several devices for obtaining special performance
are considered. Transformer and amplifier design both are affected
by them to a marked degree.

73. Inverse Feedback. If part of the output of an amplifier is fed
back to the input in such a way as to oppose it, the ripple, distortion,
and frequency response deviations in output are reduced. The ampli-
fier gain is reduced also, but with the availability of high-gain tubes
an extra stage or two compensates for the reduction in gain caused by
inverse feedback, and the improvement in performance usually justifies
it. In the amplifier of Fig. 130, a network is shown connected to out-

-—T——T———O e, T
E Ez AMPL&FIER Eo
O o, T
FEEDBACK
NET\gORK

F1a. 130. Voltage feedback.

put voltage Eo; part of this output is fed back so that the input to the
amplifier is
E, = E; — BE, (77)

Here 8 is the portion of Ey which is fed back. If «is the voltage ampli-
178
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fication of the amplifier and Er and Ey are the ripple and harmonie
distortion in the output without feedback, and o/, E'g, and E’g are the
same properties with feedback, the following equations hold, if «, Ep,
and Egy are assumed to be independent:

Without feedback,

Ey.= alis + Er + Ex (78)
With feedback,
Ey=dEi + E'r+ E'y (79)
From these equations it can be shown that
a 1
o = a2 - (80)
1+ag8 B
E E
Bl =—— ~ — (81)
1+ a8 af
E E
o=~ (82)
1+ a8 a3

With high-gain amplifiers and large amounts of feedback, the out-
put ripple and harmonic distortion can be made astonishingly small.
Likewise the frequency response can be made flat, even with mediocre
transformers. Inverse feedback is not used in class C amplifiers, be-
cause the output and input are not linearly related.

Incidental effects in the amplifier, like distributed capacitance
and leakage inductance, have to be carefully matched in the inverse
feedback network so that the phase shift around the loop does not be-
come too large. If it reaches 180°, feedback is regenerative, so that
the amplifier may become an oscillator with a frequency determined
by the circuit constants. Nyquist has shown * that oscillation does not
take place so long as the gain X feedback product «g is less than unity
at the frequencies for which the phase shift is 180°. In a plot of af
made on the complex plane, the requirement for stability is that the
curve of af must not enclose the point 1, 0, with the sign of 8 con-
sidered opposite to that of «. Both gain « and feedback B are ratios
of voltages. Therefore, both may be expressed in decibels and both are
complex quantities at some frequencies. Proper care in application is
required so that amplifiers with 180° or more phase shift do not oscil-

1See “Regeneration Theory,” by H. Nyquist, Bell System Tech. J., 11, 126
(January, 1932).
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late at some frequency outside the pass band. If it is desired to cor-
rect for distortion or hum over a frequency range of 30 to 10,000
cycles, the amplifier should have low phase shift over a much wider
range, say 10 to 30,000 cycles. In the frequency intervals of 10 to
30 cycles and 10,000 to 30,000 cycles, both the amplification and the
feedback should taper off gradually to prevent oscillations.

Low phase-shift amplifiers benefit most from inverse feedback.
Feedback in such amplifiers reduces size or improves performance, in-
cluding phase shift. Transformer phase shift, therefore, is a vital
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Fic. 131. Transformer-coupled amplifier low-frequency phase shift.

property in feedback amplifiers and may take precedence over fre-
quency response in some instances.

Phase shift at low and high frequencies is shown in Figs. 131 and
132 for transformer-coupled stages. At high frequencies, 180° phase
shift is possible whereas at low frequencies but 90° is possible. In a
resistance-coupled amplifier, only 90° phase shift occurs at either low
or high frequencies. Partly for this reason, partly because less capaci-
tance is incidental to resistors than to transformers and good response
is maintained up to higher frequencies, it is in resistance-coupled am-
plifiers that inverse feedback is generally employed. But if the dis-
tortion of a final stage is to be reduced, transformer coupling is in-
volved. It is preferable to derive the feedback voltage from the pri-
mary side of the output transformer. This is equivalent to tapping
between E; and Xy in Fig. 132, where the phase shift is much less.
The transformer must still present a fairly high impedance load to the
output tube throughout the marginal frequency intervals to permit
gradual decrease of both amplification and feedback.
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Current feedback is effected in the circuit of Fig. 133 by removing
capacitor C. This introduces degeneration in the cathode resistor
circuit, which accomplishes the same thing as the bucking action of
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Fig. 132. Transformer-coupled amplifier high-frequency phase shift.

voltage feedback. It is less affected by phase shift and consequently
is used with transformer-coupled amplifiers.

74. Cathode Follower, The circuit of Fig. 134 is known as a cathode
follower. Here the anode is connected to the high-voltage supply Ep
without any intervening impedance, so that for alternating currents it

S )

Eg

Eo | |zp

Fic. 133. Cathode bias. Fic. 134. Cathode follower.

is essentially grounded. Grid voltage e, must be great enough to
include the output E, in addition to the normal grid-to-cathode volt-
age at E.. However, the grid power is still the same as it would be
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were the cathode grounded. This circuit is used when the output
impedance Z;, is variable or of low power factor so that normally it
would be difficult to produce in it full output from the tube. The cir-
cuit has a low internal effective impedance as far as the output is con-
cerned. It is approximately equal to the normal plate resistance 7,
divided by the amplification factor p of the tube. This is equivalent
to saying that the effective internal impedance is approximately the
reciprocal of the mutual conductance g, * for class A or B amplifiers.
Cathode followers have been used to drive grids of class B modulator
tubes, which are highly variable loads. The ecircuit produces nearly
constant output voltage but at the expense of increased grid swing.

If the tube feeds a low impedance load, output may be increased by
coupling the load through a transformer. Frequency response in
cathode output transformers is usually flat over a very wide range
because of the low effective source impedance.

76. Wave Filter Principles. In preceding sections dealing with
transformer frequency response, means for extending frequency range
have been considered. In broadcast transmitters this is a vital prob-
lem. But in other applications amplifiers are used over a limaited fre-
quency range. It is sometimes desirable to allow certain frequencies
which are present to pass through the amplifier at full amplitude but
to suppress as nearly as possible certain other frequencies. The means
usually employed to accomplish this result is a wave filter. In any
such filter, the band of frequencies which it is desired to transmit is
known as the transmission band, and that which it is desired to sup-
press is known as the attenuation band. At some frequency, known
as the cut-off frequency, the filter starts to attenuate. Transition be-
tween attenuation and transmission bands may be gradual or sharp;
the filter is said to have gradual or sharp cut-off accordingly. When
a filter is used in conjunction with a transformer-coupled amplifier,
the frequency response of both filter and amplifier must be coordi-
nated. In a later section it will be shown how transformer response
may be improved through the use of wave filter principles.

To avoid introducing losses and attenuation in the transmission
bands, reactances as nearly pure as practicable are used in the elements
of a wave filter. For example, in the “low-pass” filter T-section of
Fig. 135, the inductance arms shown as L/2 and the capacitance C are
made with losses as low as possible. Capacitors ordinarily used in
filters have low losses, but it is a problem to make inductors which

1 See “Feedback,” by E. K. Sandeman, Wireless Engr., 17, 350 (August, 1940).
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have low losses. Values of inductor @ ranging from 10 to 200 are
common, depending upon the value of inductance and the frequency
of transmission. Therefore in wave filters the loss is mostly in the

L/2 L/2 L

IT° L

T SECTION TV SEGTION
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Fia. 135. Low-pass filter sections.

inductors. Tt can be shown ! that for pure reactance arms the values
of reactance are such that in the transmission band

Zy
0> —> —1 (83)

47,
where Z; is the reactance of the series arm and Z, is the reactance of
the shunt arm. In the T-section of Fig. 135, Z; is 2#f[ (L/2) + (L/2)]
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F1c. 136. Attenuation per section with pure reactance arms.

= 2xfL and Z, is the reactance of C. The attenuation for sections of
filter like Fig. 135 is shown in Fig. 136, for a pure reactance network

1 See Transmission Nelworks and Wave Filters, by T. E. Shea, D. Van Nostrand
Co., New York, 1929, p. 187.
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starting at the cut-off frequency. The attenuation is shown in decibels,
and the abscissas are one-fourth of the ratio of series to shunt reactance
in a full section.

It is important, in the transmission band, to terminate the sections
of filter in the proper impedance. Like a transmission line, a wave
filter will deliver its full energy only into an impedance which is equal
to its characteristic impedance. Many wave filters are composed of
several sections which simulate transmission lines. A properly con-
structed filter exhibits the same impedance at either cnd when termi-
nated at the opposite end with an impedance equal to its characteristic
impedance. The impedance seen at any one point in the filter is
called its image impedance; it will be the samc in either direction pro-
vided that the source and terminating impedances are equal. In gen-
eral, however, the image impedance will not be the same for all points
in the filter. For example, the impedance looking into the left or T-sec-
tion of Fig. 135 (if it is assumed to be terminated properly) will not be
the same as that seen across the capacitor C. For that reason, another
half-series arm is added between C and the termination to keep equal
input and output impedances. The terminating sections at both the
sending and receiving ends of a filter network arc half-sections, whereas
the intermediate sections are full sections. A full T-section of the
type shown in Fig. 135 includes an inductance L equal to /2 + L/2.
The image impedance seen at the input terminals of the T-section of
Fig. 135 is known as the mid-scrics impedance, and that seen across
capacitor C is known as the mid-shunt impedance.

Likewise, in the pi-section shown at the right in Fig. 135, the inid-
shunt image impedance is seen at the input or output terminals. The
mid-series impedance is seen at a point in the middle of coil L. This
scction terminates properly in its characteristic impedance at either
end. Note that adjacent sections have C/2 for the shunt arm, so that
a full section would again be composed of a capacitor " and an induct-
ance L. The choice of T- or pi-scetions is determined by convenience
in termination, or by the kind of image impedance variation with fre-
quency that is desired.

If these precautions are not observed, wave reflections are likely to
cause a loss of power transfer in the transmission band.

76. Limitations of Wave Filters. Several factors modify the per-
formance of wave filters, shown in Fig. 136, especially in the cut-off
region. One is the reflection due to mismatch of the characteristic
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impedance.! The load resistor is usually of constant value, whereas
the image impedance changes to zero or infinity at cut-off for lossless
filters. The resulting reflections cause rounding of the attenuation
curve in the cut-off region instead of the sharp cut-off of Fig. 136.
Another cause of gradual slope at cut-off is the @ of the filter chokes,
or ratio of reactance to resistance. Figure 137 gives the attenuation
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Fic. 137. Insertion loss near cut-off of a constant-K filter section.

at cut-off in terms of @ for a section of the so-called constant-K filter
(e.g., Fig. 135).

Still another cause of the gradual slope of cut-off is the practice of
inserting a resistor to simulate the source impedance in attenuation
tests. In typical cases the source and terminating resistances are equal.
The correct prediction of filter response near cut-off requires a good
deal of care. It cannot be taken directly from the usual attenuation
charts.

Phase shift is nearly linear with frequency up to approximately 50

1 See “An Analysis of Constant-K Low- and High-Pass Filters,” by O. 8. Meixell,

RCA Rev., 5, 337 (January, 1941); also “Single-Section m-Derived Filters,” by
C. W. Miller, Wireless Engr., 21, 4 (January, 1944).
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per cent of cut-off frequency for constant-K filters in the transmission
band. This fact is important in connection with networks used for the
transmission of steep wave fronts, as in video amplifiers. It is proved
in books on network theory® that, when a non-sinusoidal voltage
wave is applied to the input of a network, it appears at the output
without distortion of its original shape if the phase shift of the net-
work is proportional to frequency and if the amplitude response is
flat for all frequencies. In no actual network are these conditions
fulfilled completely, but the closer a network approximates them the
smaller the distortion it causes in irregular wave forms. Linearity
of phase shift is usually more essential to good wave form than flatness
of response. For this reason, when a non-sinusoidal wave passes
through a filter, distortion is minimized if the major frequency com-
ponents of the wave all lie in the linear region of the phase shift
curve. Considerable judgment must be exercised in the choice of
cut-off frequencies. Higher-order harmonics are usually of smaller
amplitude, and the natural tendency is to include too few of them in
the pass band; then the output wave form is a poor reproduction of
the input.

In band-pass filters, the effects just noticed are present, with the
additional complication of band width. The filter designer must choose
a band width of transmission such that high attenuation is afforded
at unwanted frequencies and low attenuation at desired frequencies.
This is often not a simple choice. For a given frequency separation
from the mid-frequency, attenuation decreases as the filter band width
is made wider. Impedance variation is much less with a wider band
width. Therefore, choosing a narrow band width attenuates fre-
quencies in the transmission band because of reflections.

77. Artificial Lines. Sometimes a certain amount of time delay must
be interposed between one circuit and another. Or, if the length of a
transmission line is not an exact multiple of 90°, some means must
be found to increase its length to the next higher multiple of 90°. For
either of these purposes, artificial lines are used. They may operate
at a single frequency or over a range of frequencies. They may be
tapped for adjustment to suit any frequency in a given range, so that
impedance and line length are correct. The configuration may be
either T or =, high- or low-pass. Figure 138 shows these four
combinations for any electrical length 8 of line section in degrees. It

1 See Communicalion Networks, by E. A. Guillemin, John Wiley & Sons, New
York, 1935, Vol. II, p. 474.
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is assumed in this figure that the line operates at a single frequency
and is terminated in a pure resistance equal in value to the line charac-
teristic impedance Z,. Figure 139 is the vector diagram for a leading
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Fic. 138. Artificial line relations.

phase shift pi-section line of 90° electrical length. Proportions of L
and C are somewhat different in these line sections than in wave

filters.

> 1°
I, 71 I, In -
13 "7 43
Es Egr
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Zs—)

Fic. 139. Vector diagram for 90-degree line length.

To obtain approximately constant time delay over a range of fre-
quencies, several constant-K low-pass filter sections may be used, each
having a cut-off frequency high enough so that the phase shift is pro-
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portional to frequency. The time delay per seetion is then 6/2xf at
any frequency in the range, and 6 = 2xf\/LC, where 6 is the phase
shift in radians, L is the inductance per section, and C is the capaci-
tance per section. In Fig. 139, Ep = Eg. If the section were termi-
nated in impedanece higher than Z,;, Er > Es. The line section is then
a kind of transformer, although the ratio Ep/Eg varies with frequency.
Ninety-degree line sections are often used at high frequencies to obtain
transformation of voltage.
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Fi16. 140. Core loss in laminations 0.014 and 0.005 in. thick.

78. Filter Inductor Design. In Sections 75 and 76, it was pointed
out that inductors for wave filters must have @ great enough to pro-
vide low attenuation in the pass band. In design, attention must be
given as much to @ as to inductance.

Low-loss core material is essential for high Q. Nickel-iron alloys
are widely used; the lamination thickness depends on frequency. At
frequencies up to 400 cycles, 0.014-in.-thick laminations are used, and
at frequencies higher than 400 cycles, 0.005 in. thick. This is an ap-
proximate practical guide. Figure 140 shows how loss varies with
thickness, frequency, and flux density. At frequencies higher than
1,000 cycles, flux density must be quite small for low core loss. In
the majority of audio applications, low flux density conditions prevail.
Under such conditions, core loss is largely eddy-current loss and may
be treated as a linear resistance.
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Core gaps are used in filter reactors to obtain better Q. For any
core, inductance per turn, and frequency, there is a maximum value
of Q. The reason for this is that the
a-c resistance is composed of at least X

two elements: the winding resistance
and the equivalent core loss. In pre-
vious chapters the core loss has been
regarded as an equivalent resistance —
- - . L —
across a winding. But it can also be Rsn
regarded as an equivalent resistance X RseR

in series with the winding. Figure 141 ——Y Y Y Y Vel 1 —

shows this equivalence, which may be Fic. 141. Shunt and series equiva-

stated: lent core-loss resistance.
) Rn X
Rser + jX = J‘Sh_
Rsh + ]X
For values of @ > 5,
X2
Rp =~ — (84)

ser

where Ry, = equivalent shunt resistance
Rge; = equivalent series resistance
X = winding reactance = 2xfL.

The equivalence depends upon frequency. The formula for large Q may
then be changed to
Rsh _ Rsh

X  2xfL
or @ is proportional to shunt resistance, the winding resistance being
neglected. Thus @ can be increased by lowering L, and L is lowered
by increasing core gap, but there are limits on the increase of Q that
can be obtained in this way.

First, the winding resistance is not negligible. With small gaps,
maximum @ is obtained when winding resistance and equivalent series
core-loss resistance are equal. For a given air gap there is a certain
frequency f, at which this maximum @ holds. At higher and lower
frequencies, the manner in which @ falls below the maximum is found
as follows: Let R, be the coil winding resistance. Then

X
" Ro+ Reur

(85)

Q
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If for Rser we substitute the value obtained from equation 84, we have,

approximately,
Q- — - (36)
a R+ X2 R, S
“ Rn X Ra

Equation 86 therefore gives the relation of @ to frequency. When it
is plotted on log-log coordinates with frequency as the independent
variable,! 1t is symmetrical about the frequency f, for which @ is a
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Fic. 142. Frequency variation of @ for an iron-core coil with air gaps.

maximum. If the core gap is changed, frequency f, changes. Figure
142 shows how the @ of a small inductor varies with frequency for
several values of air gap in the core. All these curves have the same

shape, a fact which suggests the use

k/ of a template for interpolating such
FLUX curves.

/\"’/‘: Upopf%;?g L‘\ Another phenomenon that limits @

\' is the flux fringing at the core gap, the

l It { i i K3 i \ ’ ir}ﬂuence qf which on inductance was

\\\-/,l- MM /}f v dlsm_lssed in Chapter 3. As th(.e air

GAP% LOWER HaLF // /  gap increases, the flux across it fringes

\T.\M_E/J‘// more and more, like that shown in

Fig. 143, and L ceases to be inversely

Fie. 143. Magnetic flux fringe at Proportional to the gap. Some of the

core gap. fringing flux strikes the core perpen-

dicular to the laminations and sets up

eddy currents which cause additional loss. Accurate prediction of gap

loss depends on the amount of fringing flux. For laminated cores it
can be estimated from

1See “How Good Is an Iron-Cored Coil?” by P. K. McElroy and R. F. Field,

General Radio Ezperimenter, XVI (March, 1942). This article also discusses
choke design from the standpoint of similitude.
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W, = Gludut,V'f Bn2 watts (87)

where G = a constant (17 X 1070 for silicon steel)
d = lamination tongue width in inches
p = permeability
t. = lamination tks. in inches
f = frequency in cycles
B,, = peak core induction in gauss
lg = gap length in inches.

In Section 33, Chapter 3, it was shown that under certain conditions
maximum transformer rating for a given size is obtained when core
and winding losses are equal. The same would be true for inductors
with zero core gap. Similarly it may be shown that, if the core gap is
large enough to cause appreciable gap loss, maximum @ is obtained
with core, winding, and gap losses equal. In a given design, if this
triple equality does not result in the required @, size must be in-
creased. Losses may be compared by finding either the equivalent
series resistances or the equivalent shunt resistances.

79. Powdered Iron Cores. As frequency increases above a few
thousand ecycles, gap loss becomes predominantly large. At such fre-
quencies, cores of powdered iron are preferable for large Q. Powdered-
iron cores are made from several grades of iron and nickel-iron alloys.
Proportions of insulating bond and iron powder are varied to obtain
permeabilities ranging from 10 to 125. Permeability in such cores is
only apparent; it is far less than the inherent permeability of the iron
used because of the many small gaps throughout the core structure.
Finely divided iron has low eddy-current loss and virtually zero gap
loss. Equation 85 indicates how @) varies with frequency; that is, low-
permeability cores should be used to reduce inductance and maintain
large @ at high frequencies. At frequencies higher than audio, coil
eddy-current losses make stranded wire necessary. This is discussed
further in Chapter 7.

One of the problems of filter design is the maintenance of cut-off
and attenuation frequencies under conditions of varying temperature.
This may be so important as to dictate the choice of core material.
Powdered cores are available which have very low temperature coeffi-
cients. Usually these cores have less than the maximum @ for a given
kind of iron powder. With low-temperature-coefficient cores, attention
also must be paid to filter capacitors in order to obtain the requisite
overall frequency stability.
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TaBLE XIV. SHAPEs oF PowbpERrRED-IRON CORES

Core Shape Use
Shell Low-voltage r-f transformers and inductors.
Cup Adjustable low and medium r-f inductors.
Slug Adjustable r-f inductors. Also used to adjust cup-core inductance.
Toroid Audio and low r-f inductors.
C High-voltage audio and r-f transformers and inductors.

Powdered cores are made in several forms. Table XIV indicates the
main areas of usefulness of such forms. Figure 144 illustrates the core
shapes in this table. A study of available molds and materials is

worthy of the designer’s time.

I1c. 144. Powdered iron-core shapes.

80. Modulation Transformers. Wave-filter principles are applied in
many circuits other than filters. An example is the design of modula-
tion transformers for high-level amplitude-modulated radio transmit-
ters. Some of these transformers are large. TIn plate-modulated power
amplifiers, the modulator power required to produce 100 per cent
modulation is half of the power amplifier input. TImproved audio
quality and reduction in size of components are achieved through the
use of what may be called the pi-filter method.

For low modulation frequencies, this method may be illustrated by
means of the circuit diagram of Fig. 145(a). The modulator usually
is a class B amplifier. Output transformer OCL, coupling capacitor,
and modulation reactor combine to form a pi-section high-pass filter,
Fig. 145(b). The elements are proportioned for characteristic imped-
ance equal to the equivalent plate input resistance Eg/I5 of the modu-
lated power amplifier.

Formerly these components were made as large as was considered
practical. Transformer secondary and reactor reactances were each
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3 to 4 times the power amplifier plate input resistance, and the
coupling capacitor reactance was a fraction of this resistance, at the
lowest modulation frequency. Advantages of the pi-filter are a reduc-
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Fia. 145. (a) Circuit diagram of anode modulation system; (b) equivalent pi-
filter modulator tube load.

tion of the two inductive reactances to 1.41 times the terminating
load resistance, and increase in capacitive reactance to the same value,
at a low frequency f1, which is 1.41 times cut-off frequency of the filter.

Down to f, the filter maintains a tube load of almost 100 per cent
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power factor, although the ohmic value rises to 190 per cent of the
terminating load resistance at f;. The voltage required for constant
output rises to 138 per cent of normal. Partly compensating for this
defect is the tendency of class B amplifier tubes to deliver higher volt-
ages with higher tube load impedances. Thus, in a certain radio trans-
mitter, the type 805 modulator tubes deliver 1,035 peak volts per side
into a normal tube load of 1,860 ohms. At 30 cycles, the lowest audio
frequency, the load impedance rises to 3,600 ohms, and the voltage re-
quired for full output is 1,440 volts. Plotting a 3,600-ohm load line on
the tube curves shows that 1,275 volts will be delivered at 30 cycles,
which is 1 db down from normal.

To obtain the same frequency response with the older “brute force”
method, at least twice the values of transformer and reactor inductance
and much more coupling capacitance would have been necessary. The
voltage across the capacitor increases as the capacitance decreases,
but surge voltages often exist across the coupling capacitor in service.
The voltage rating was formerly determined more by these surges
than by normal voltage. With the pi-filter method, the normal
voltage at low frequencies cannot be greatly exceeded in service, owing
to the limitation in voltage output of the tubes. Hence, the reduction
in coupling capacitance is a real one and is offset very little by in-
creases in voltage rating.

These points are made clearer by reference to Fig. 146. Phase shift
between transformer and load voltages is 90° at f;. At cut-off (= 70
per cent of fi) the tube voltage for constant output is 224 per cent of
the load voltage. A tube would not deliver so much voltage with this
type of load, especially when the power factor is so low. The corre-
sponding capacitor voltage at cut-off frequency is 284 per cent of Eg;
it would not be delivered either, for the same reason. The useful fre-
quency range is higher than f;.

Another advantage of the pi-filter over the older method is the high
power factor load down to frequency f;. The maximum tube load
phase angle above f; is 8°, and at frequencies above 3f; the phase angle
is zero. At 3f; the tube load impedance is equal to E. Hence the tube
works into a unity power-factor load of constant value at frequencies
above 3f;. For the same size of inductive components, the “brute
force” system would have been very much poorer. If these elements
had been made twice as large in order to give the same frequency re-
sponse at 30 cycles, the load phase angle at 30 cycles would be 35° and
the load impedance 80 per cent of . Hence the possibilities of low-fre-
quency distortion and low efficiency are reduced by the pi-filter method.
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In very high fidelity modulators the lowest frequency is 2 to 3
times f; to reduce phase shift in connection with the inverse feedback.

The pi-filter just discussed conforms with the usual high-pass filter
in regard to values of L and C. These elements can be propor-
tioned on another basis such that the chmic values of all the reactive
elements are made equal to the load resistance at frequency f;. These
values are those of a 90° artificial line at frequency f;. They give a
unity power-factor tube load equal to the modulated power amplifier
plate input resistance at frequency fi, and thus represent 41 per cent
increase in capacitor and 41 per cent reduction in transformer and
reactor size. The disadvantages of the artificial line are that the tube
load impedance drops to a minimum of 74 per cent R at the frequency
1.5f4, the maximum tube load phase angle is 16°, and it persists up to
frequencies much higher than 3f;, which was the frequency where the
response of the pi-filter became virtually perfect. This appreciable
phase angle spread over a portion of the audio frequency range,
together with the lower load impedance, causes distortion. The arti-
ficial line basis of design is used where larger amounts of distortion
are not objectionable, or in fixed-frequency modulators.

No matter what method of design is used, it is important that the
modulator be loaded properly. If the power amplifier input should be
interrupted while the modulator is fully excited, the voltages on the
various elements are likely to rise to dangerous values, because the
load impedance becomes high and causes indefinitely high voltages
in the positive ep direction. The transformer and reactor in high-
voltage modulators are equipped with spark gaps like those in Fig. 147
to prevent insulation breakdown due to accidental removal of load.

The pi-filter or artificial line method of design can be applied also at
the higher modulation frequencies. Figure 148 shows how the usual
properties of winding capacitance and leakage inductance are arranged
to give a low-pass filter circuit. Preferably the internal capacitance
and inductance should be so low that external L and C can be added
to the transformer terminals to produce the required proportions at
the highest modulator frequency.® Figure 149 shows how both high-
and low-pass pi-filter performance can be combined in a modulator to
obtain wide-range high-fidelity performance. Although these methods
apply chiefly to modulation transformers, they may be used in the
design of loaded interstage transformers.

1 See “An Analysis of Distortion in Class B Audio Amplifiers,” by True McLean,
Proc. I.R.E., 24, 487 (March, 1936) ; also see Section 81.
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Fie. 147. Broadcast station modulation transformer.

LEAKAGE
INDUCTANCE

LOAD
c
G 2 RESISTANCE

C,= PRIMARY CAPACITANCE, INCLUDING
TUBE AND WIRING CAPACITANCE.

Co= SECONDARY CAPACITANGE, INCLUDING
BY-PASS AND LOAD CAPACITANGE.

Fic. 148. Equivalent transformer diagram at high audio frequencies.

197
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In high power modulation transformers, it is necessary to make the
core larger in order to reduce the number of turns and obtain good
high-frequency response. But, as the core becomes larger, so do the
leakage inductance and winding capacitance. The core must grow
very large to overcome this difficulty, and high power audio trans-
formers are much larger than commercial power transformers of the
same rating. One advantage of grain-oriented steel is that it permits
this process to be reversed. High induction at low frequencies means
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Fic. 149. High- and low-pass pi-filter performance in a modulator.

a smaller core area, smaller mean turn, and better high-frequency per-
formance, or, for the same high-frequency performance, more turns
and a still smaller transformer. Weight savings of 60 to 75 per cent
have been made in this way.

Advantages of the pi-filter and artificial line methods are realized in
transformers for 30 to 10,000 cycles; some advantage can be gained in
the 100- to 5,000-cycle range, but not below 100 watts. Below this size,
or for a narrower frequency range, the transformer becomes so small
that combination with the modulation reactor into one unit is feasible
and economical. The secondary current wave shape is like the first
wave of Table I (p. 16). In such a transformer the core gap must be
large enough to prevent saturation by the power amplifier plate
current.
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81. Driver Tansformers. Requirements for class B modulator
driver transformers are unusually difficult to satisfy. The transformer
load is non-linear, for grid current is far from sinusoidal. Although
the average load is low, the driver tube must deliver instantaneous
current peaks; otherwise distortion will appear in the modulator audio

MODULATOR
TUBES

p
L

DRIVER
TUBES

+B

Fic. 150. Cathode follower driver circuit.

output and therefore in the r-f envelope. The grid current peaks con-
tain harmonic currents of higher order, and to insure their appearance
in the modulator grid current an extension of the driver transformer
frequency range at both ends is required: on the high-frequency end
because of the decreased leakage inductance necessary to allow the
higher currents to flow, and on the low-frequency end to prevent
transformer magnetizing current, itself non-linear, from loading the
driver tube so that it does not deliver the peak grid power. If the
driver tube is a pentode or beam tube, it is usually loaded with resist-
ance to minimize current variations. Driver transformers are usually
step-down because the grid potentials are relatively low.
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These conditions require transformers of exceptionally large size.
For low (1 to 2 per cent) overall harmonic distortion, driver trans-
former design becomes impractical, and it is advantageous to dispense
with driver transformers entirely. This is accomplished by the cathode
follower circuit (Fig. 150), which for a push-pull amplifier takes the
form of a symmetrical pi-filter. The two input chokes connect the
driver tube cathodes to ground and carry their plate current. Coupling
capacitors connect these chokes to the modulator tube grid chokes,
which carry modulator grid current. Sizes of chokes and coupling
capacitors are chosen to give approximately constant impedance from
the lowest modulation frequency up to the higher harmonics of the
highest frequency, and choke capacitance is reduced to preclude pro-
nounced resonance effects throughout the frequency range. In Fig.
151, the filter components are mounted in the exciter cubicle; a trans-
former for this purpose would be too large to locate internally.

The cathode follower circuit is advantageous in another way. Leak-
age inductance in a driver transformer causes high-frequency phase
shift between driver and grid voltage, which does not exist in the
coupling capacitor scheme. Since inverse feedback is often applied to
audio amplifiers to reduce distortion, the absence of phase shift is a
great advantage. The low frequency at which phase shift appears
must be kept below the audio band, but this can be done without ex-
cessively large components.

82. Transformer-Coupled Oscillators. These have circuits similar
to that of Fig. 152. Transformer OCL and capacitor C; form a tank
circuit, to which are coupled sufficient turns to drive the grid in the
lower left-hand winding. The output circuit is coupled by a separate
winding. For good wave shape in such an oscillator, triodes and class
B operation are preferable. The ratio of turns between anode and
grid circuits is determined by the voltage required for class B operation
of the tube as if it were driven by a separate amplifier stage. Single
tubes may be used, because the tank circuit maintains sinusoidal wave
shape over the half-cycle during which the tube is not operating. Grid
bias is obtained from the RC» circuit connected to the grid.

In such an oscillator, tube load equals transformer loss plus grid
load plus output. In small oscillators, transformer loss may be an
appreciable part of the total output. This loss consists of core, gap,
and copper loss. Copper loss is large because of the relatively large
tank current, and the wire size in the anode winding is larger than
would be normally used for an ordinary amplifier. The gap is neces-
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PI-FILTER CHOKES COUPLING CAPAGITORS
e i 4

Fic. 151. Rear view of exciter cubicle for 50-kw broadcast transmitter.
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sary to keep the inductance down to a value determined by the tank
circuit @ or volt-amperes. This in turn is dictated by the required
harmonic content. The use and selection of core materials are approxi-
mately the same as those indicated in Sections 78 and 79.

Class C oscillators are less desirable for very low harmonic require-
ments, because of the difficulty of designing tank circuits with suffi-
ciently high Q. Where large harmonic values can be tolerated, the
transformer can be designed for low @, but the wave form becomes non-

TO OUTPUT
CIRCUIT

F1e. 152. Transformer-coupled audio oscillator.

sinusoidal. Transformer grid circuit turns are large, approximately
the same as plate turns, and the grid voltage would be high if grid
current did not limit the positive voltage swing. During the half-cycle
when the tube is operating, the voltage wave has a roughly rectangular
shape, and during the rest of the cycle it peaks sharply to a high ampli-
tude in the opposite direction. Core losses are difficult to prediet be-
cause loss data are not normally available for such wave forms. Con-
sequently, designs of this type are usually cut-and-try. The fre-
quency of oscillation varies with changes in load; hence low @ class C
oscillators are to be avoided if good frequency stability is required.
83. Shielding. Gain of 80 to 100 db is often reached in high-gain
amplifiers. It is important in these amplifiers that only the signal be
amplified. Small amounts of extraneous voltage introduced at the
amplifier input may spoil the quality or even make the received signal
unintelligible. One source of extraneous voltage or hum is in stray
magnetic fields emanating from power transformers in or near the
amplifier. The stray fields enter the magnetic cores of input trans-
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formers and induce small voltages in the windings, which may be
amplified to objectionably high values by the amplifier. Several de-
vices are used to reduce this hum pick-up:

1. The input transformer is located away from the power trans-
former.

2. The coil is oriented for minimum pick-up.

3. Magnetic shielding is employed.

4. Core-type construction is used.

The first expedient is limited by the space available for the amplifier,
but, since the field varies as the inverse cube of the distance from the

o—— |

i
]

Fic. 153. Refraction of magnetic field by iron shield.

source, it is obviously helpful to locate the input transformer as far
away from the power transformer as possible. The second method is
to orient the coil so that its axis is perpendicular to the field. It re-
quires extra care in testing. Magnetic shielding is the “brute force”
method of keeping out stray fields; core-type construction is effective
and does not materially increase the size. Of course, any of these
methods increases manufacturing difficulties to a certain extent.

Magnetic shielding is ordinarily accomplished by a thick wall of
ferrous metal or a series of thin, nesting boxes of high permeability
material encasing the windings and core of the input transformer.
Neither type of shield is applied to the power transformer because the
flux lines originate at the power transformer and fan out in all direc-
tions from it. A large percentage of the flux would strike the shield at
right angles and pass through it. On the other hand, the stray field
near the input transformer is relatively uniform, and very few flux
lines strike the shield at right angles. Thus more flux is bypassed by
it. The action of a thick shield in keeping stray flux out of its interior
is roughly illustrated in Fig. 153.
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Multiple shields increase the action just mentioned because eddy
currents induced in the shields set up fluxes opposing the stray field.
Sometimes alternate layers of copper and magnetic material are used
for this purpose, when hum pick-up 50 or 60 db below the no-shield
value is required.?

In core-type transformers the flux normally is in opposite directions
in the two core legs, as shown in Fig. 154. A uniform external field,
however, travels in the same direction in both legs, and induced volt-
ages caused by it cancel each other in the two coils.

The relative effectiveness of these expedients

ST . is shown in Fig. 155. Hum pick-up is given in
decibels with zero decibel equal to 1.7 volts

N A\'\In\ across 500 ohms, and distance from a typical
R small power transformer as abscissas. All curves

ST FIN are for 500-ohm windings working into their
ool proper impedances, and with no orientation for
9—*Ll minimizing hum. Using impedances much less

A B~ ~4

than 500 ohms reduces the hum picked up. Ori-
entation of coil position also reduces hum. For
all types of units there is a position of minimum
hum. With the unshielded shell type the angle
between the transformer coil and the field is almost 90° and is ex-
tremely critical. With shielding, this angle is less critical, but the
minimum amount of hum picked up in this position is not noticeably
reduced. The core type is less critical, especially with a shield. The
minimum amount, of hum picked up is from 10 to 20 db less than the
shielded shell type in its minimum position. Removing the shields
from the core type may change its position of minimum pick-up.
This is because the shields reduce hum by a process different from that
of the two bucking coils.

It is advantageous to have power transformers of the core type.
Leakage fluxes from like coils on the two legs approximately cancel
at a distant point. The U-and-I shape of lamination is better than the
L shape because of its symmetry. A type C core has the advantage
that gaps are inside the coils. Thus fringing is reduced, and stray
flux from the core gap is minimized.

Static shielding does not prevent normal voltage on a primary wind-
ing from being transferred inductively into a secondary winding. It is

1 See S. L. Gokhale, J. AIEE, 48, T70 (October, 1929) ; also, “Magnetic Shielding
of Transformers at Audio Frequencies,” by W. G. Gustafson, Bell System Tech. J.,
17, 416 (July, 1938).

Fic. 154. Flux direc-
tions in a core-type
transformer.
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effective only against voltage transfer by interwinding capacitance.
High-frequency currents from vacuum tube circuits are thus prevented
from flowing back into the 60-cyele power circuits via filament and
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Fic. 155. Hum pick-up in input transformers.

plate transformers. Without shielding, such currents may interfere
with operation of nearby receivers. Likewise, voltages to ground on
telephone lines are kept from interfering with normal voice frequency
voltages between lines. The extent of static shielding depends upon
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the amount of discrimination required. Usually a single, thin, grounded
strip of metal between windings is sufficient, with ends insulated to
prevent a short circuit. Magnetic flux in the interwinding space
causes eddy currents to flow in such shields, and even shields with
insulated ends indicate a partial short circuit on test. This effect
reduces the OCL of the transformer. If volts per layer are small com-
pared to total winding voltage, a layer of wire is an effective shield.
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Fic. 156. Hybrid coil operation.

The start turn is grounded and the finish left free, or vice versa. A
wire shield has none of the short-circuit effect of a wide strip shield.

Usually a transformer that requires static shielding has a low-voltage
winding; the shield can be placed close to this winding, needs little
additional insulation, and occupies but a small fraction of the total
coil space. If shields are placed between high-voltage windings, as in
modulation transformers, the shields must be insulated from each
winding with thick insulation. This materially increases the coil mean
turn length, transformer size, and difficulty in obtaining good high-
frequency response. Shields have questionable value in such trans-
formers and usually are omitted.

84. Hybrid Coils. Hybrid coils are used to isolate an unwanted
signal from certain parts of a circuit, and allow the signal to be used in
other parts of the circuit. In the hybrid coil shown in Fig. 156 (a) the
lower windings or primary sections are balanced with respect to each
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other, and the two resistors B, and K3 are equal. Voltage E, applied
between the primary center tap and ground causes equal currents to
flow in opposite directions through the two halves of the primary wind-
ing, and therefore produces zero voltage in the secondary winding. By
this means, signal E, arrives at resistors R, and R3; undiminished, but
there is no voltage in R4 connected across the secondary coil. Fig-
ure 156 (b) shows what happens in this circuit if the voltage is applied
across Rj instead of across E;. In this case, the voltage E; appears
across resistors By, By, and Ry, that is, in all parts of the circuit.

An inverted hybrid coil is shown in Fig. 156(c). Here voltage E; is
applied across the upper coil, which is now the primary. The second-
ary sections are assumed to be balanced. Therefore, there is zero
voltage between the center point of the secondary winding and ground,
and though a signal appears at R» or E; there is no signal across E;.
Thus a hybrid coil works in both directions.

It has been assumed that B, and Ej; are equal and that the two
primary half-windings are of equal number of turns. This is not
necessarily true, for, if the resistance of R, is twice that of Rj, the
number of turns connected to B should be twice those connected to
R3. However, it is important that, through the range of frequency
in which the hybrid coil is desired to function, the balance between the
two halves be maintained closely. The most exact balance is achieved
for R, = R3 by winding the two halves simultaneously with two dif-
ferent wires. This method gives good isolation of the undesired signal.
Other methods introduce some ratio error which reduces the isolation.
For the same reason, it is necessary to balance the circuit with regard
to capacitance and leakage inductance. That is, if a capacitance
exists across Rj, such as line capacitance for example, an additional
equivalent amount should be added across R. in order to achieve the
balance desired. Likewise, any inductive apparatus, adding either
series or parallel inductance in one circuit, should be compensated for
by inductance of like character in the other circuit. Adding series in-
ductance, for example, in series with K3 will not compensate for shunt
inductance across Rs, or vice versa, as the two have opposite effects
with regard to frequency and therefore balance is attained only at one
frequency.

Assume a perfect transformer having no exciting current and no
leakage inductance between the two halves, and a transformer with
equal turns in the two halves of the primary winding. Assume cur-
rents in the directions shown in Fig. 156(d). Then
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I =1, +1I (88)
Ey = LRy, + 1,12y (89)
E; = LE, + E, (90)

On the assumption of equal turns in the two half-windings, £, = E,.
If the magnetizing current is assumed to be zero, the ampere-turns and
hence the volt-amperes in the two primary halves are equal. The sec-
ondary load can be considered as reflected into the primary winding as

resistor Ry.
Iy = (Ey + Ey)/Ry4 91)

(I3 — I9Es = (Iy + 14)E, 92)
If equations 88 to 92 are combined, an expression for Z3 can be found:

E; 4R\R, + 4R(R4 + RR,

Z3 =— = (93)
I3 4R, + 4R; + R4
If the secondary circuit is open, By = =, and equation 93 becomes
Zy = 4R, + R (94)

85. Amplifier Tests. Tests for hum, distortion, linearity, and fre-
quency response can be made with meters in the output circuit when
voltage of a known frequency and wave form is applied to the input.
Hum and distortion are conveniently measured by instruments spe-
cially made for the purpose. Linearity is measured by varying the
input voltage and measuring corresponding output voltage. Frequency
response is measured at a fixed input or output voltage, but frequency
is varied. Normal production testing of amplifiers requires no more
than such overall tests. But, in the development of the amplifier,
excessive hum, distortion, or other defects may be indicated, and tests
must be applied stage by stage to locate the trouble. Voltage is
usually measured by a tube voltmeter, one terminal of which is
grounded. In a push-pull amplifier, it is therefore necessary to block
the direct voltage and measure the alternating voltage on each side.
A cathode-ray oscilloscope is helpful in checking phase shift and wave
form at various points.

Before being assembled in the amplifier, transformers are tested for
turns ratio, balance, polarity, OCL, winding resistance, core loss, and
insulation strength. Although with new designs it is desirable to
check leakage inductance, winding capacitance, and shiclding, these
properties vary less in a given design than the others. Methods for
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making most of these tests are the same as those described in Chapter
3. Tests for capacitance are limited to winding-to-winding and wind-
ing-to-core capacitance. These tests are made on a capacitance bridge.
Evaluation of capacitance measurements is made as in Section 71.

Balance (an important property of push-pull amplifiers) and shield-
ing tests are described in Standard TR-121 of the Radio-Electronics-
Television Manufacturers Association.

Reactor @ is measured either on an inductance bridge (which also
nieasures a-c resistance as in Fig. 75) or on a special @ meter. In
either method, rated voltage and frequency should be used. Modula-
tion reactors are usually measured for inductance with full direct cur-
rent in the winding; great care should be exercised to prevent sudden
interruption of this current and consequent dangerous high voltage.
Such reactors are often surge-tested to guard against breakdown in
service under conditions of overmodulation.

In the diagram of Fig. 157, the first two stages have current feed-
back, and so initial tests were made with the circuit shown. But over-
all voltage feedback from the modulator plates back to the 6J7 grids
was not applied until the amplifier was first tested without it. Then
resistors from which feedback is derived were adjusted to produce the
feedback voltage necessary to give the required performance. The
carrier power amplifier was completely adjusted before modulation was
applied. Percentage of modulation was measured by the increase of
carrier output current when modulation was applied. Inductance RFC
and capacitor C; maintain the modulator load constant at high fre-
quencies. (e in this circuit is the audio coupling capacitor. Separate
meters are provided to measure the plate current of each driver and
modulator tube, so that bias may be adjusted for the same plate cur-
rent on each side.

Proper operation is predicated on amplifier stability, which often
is not obtained when power is first turned on. Local or parasitic oscilla-
tions may easily occur as a result of natural resonance of circuit ele-
ments or even in connections and tube electrodes. These must be de-
tected and eliminated by corrective measures which apply to the
trouble. Some of these troubles may be caused by long leads, espe-
cially in the grid circuit. Tubes may require resistors in the plate and
grid Jeads to damp out parasitic oscillations. Resistors are used in this
manner in the amplifier shown in Fig. 157. Coils in circuits with
widely different voltages should not be coupled closely, because re-
generation may result. In circuits with high voltage, and therefore
large capacitive currents, it may be necessary to add shielding to
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prevent stray pick-up from one stage to another. In push-pull ampli-
fiers, if some circuit element is unbalanced, it may give rise to a push-
push oscillation which can be eliminated by better balance, or by de-
coupling the tube plates at the unwanted frequency. If insufficient
bypass capacity is used on plate or bias supplies, interstage coupling
may oceur at low frequencies. The frequency may be less than 1 cycle
per second. This kind of instability is known as “motor-boating.”
Operating tubes so that some electrode becomes a negative resistance
during a portion of the cycle may give rise to oscillations which cannot
be prevented except by avoidance of the cause, or by some power-
absorbing circuit which does not affect normal operation. The elim-
ination of such trouble requires much testing time and skill, but it
must be done before performance tests are made.
86. Design Examples.

Ezample (a). Transformer for Pi-Filter Modulator.
Frequency range 100 to 5,000 cycles.

Audio output 400 watts.

Power amplifier Ep/Iz = 10,000 ohms.

Voltage ratio primary/secondary (1,180 + 1,180)/2,000.

f1 = 60 cycles.

Core: 4-n. stack of silicon-steel lamination B, Fig. 44 (p. 55).
Turns primary/secondary (800 + 800)/1,380 No. 26 wire.

A, = 7.2 5q in. net; 8.0 sq in. gross.
l. =12.75in.
l; = 0.012 in.

Possible tube current unbalance = 0.032 amp.

0.6 X 800 X 0.032
- 0.012

B _ 3.49 X 2,000 X 10°
%7100 X 7.2 X 1,380
B,, = 8,260 gauss. From Fig. 70 (p. 98), ua = 9,000+

3.2 X (1,380)? X 8 X 10~
0.012 + (12.75/9,000)

X at f1 = 6.28 X 60 X 36.5 = 13,800 ohms. Z, = 115 per cent R at 10(
cycles from Fig. 146. Winding arrangement as in Fig. 158, to reduce layer volt-
age and capacitance.

Winding resistances: Total primary 90 ohms.

Secondary 80 ohms.

Secondary leakage inductance = 53 millihenrys.

Capacitances (referred to secondary):

Bdc

= 1,260 gauss.

= 7,000 gauss.

Secondary OCL = = 36.5 henrys.



212 ELECTRONIC TRANSFORMERS AND CIRCUITS
Py — S1(at A) = 292 [l#f
Py — Sy(at B) = 0
Py — 8y(at €) = 112
Pz —_ Sz(at D) = 58
Secondary layer to layer = 140
Primary layer to layer = 170
Stray and tube = 50
Power amplifier r-f bypass = 500
Total = 1,322 uuf
TO PLATE
TO MOD. GOUPLING [Z
CAPACITOR - s, N S TO Eg
A \ ""
I I P,
TO PLATE
COIL FORM

Fi1c. 158. Section of transformer coil wound for low layer voltage.

At high audio frequencies f. = 19,000, D = 0.6, and Z/R; from Fig. 119
(p. 159) is 87 per cent at 5,000 cycles.

Example (b). Audio Oscillator.

Circuit of Fig. 152, with 6C5 tube, Eg = 150 volts, E¢c = —10 volts.
Frequency 800 cycles.

Plate load impedance = 20,000 ohms.

Class B operation; grid swings to +2 volts.

Ae;, = —12 volts
Ae, = 150 — 35 = 115 volts fduring positive half-cycle.

Aip = 5.6 ma

Average power output = (115 X 5.6)/4 = 160 mw.
Transformer voltage ratio P/G = 115/12 = 81/8.5 rins.
For low harmonie distortion, volt-amperes = 10 X tube output = 1.6 v-a.

_ (115 X 0.707)*
N 1.6

1
" 6.28 X 800 X 4,140

X, = 4,140 ohms.

c = 0.048 uf.
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4,140

Plate OCL = 6.28 X 800

= 0.823 henry.

Current in plate winding = 4}—10 = 0.02 amp.

Core is the same as in Example (), Section 72.

Primary 2,100 turns No. 32 enamel. Winding resistance = 125 ohms.
Grid 250 turns No. 42 enamel. Winding resistance = 180 ohms.

l, =0.060in., [, = 4.5in., A, = 0.32 sq in., core weight = 0.4 Ib.

5 _ 06X 2100 X 00056 _
de = 0.060 X 7 -
3.49 X 81 X 10°

Be =500 x 032 x 2,100~ O 8AUS

B,, = 560 gauss. (From Fig. 70, ua = 2,000.)

3.2 X (2,100)% X 0.36 X 10~*
0.060 + (4.5/2,000)

From Fig. 140 core loss = 0.2 X 0.6 X 0.4 = 0.048 watt.
Gap loss = 0.030 watt.
Primary copper loss = (0.02)2 X 125 = 0.05 watt.
This leaves 32 mw available for secondary output.

Ezample (c). Cathode Follower. Assume that tubes 828 and 849 in Fig. 157
operate at Ep = 1,700 volts. With E, = —75 and 700 watts output, 849
plate swing is 1,200, Enin = 500, peak grid voltage = 4105, and peak grid
current is 0.090 amp. This is peak load for the 828 tube which can operate
class AB1. The 828 tube plate swing is 1,200 + 180 = 1,380, or Emnin = 1,700
— 1,380 = 320 volts, and the 828 peak load is 105/0.090 = 1,170 ohms. The
cathode choke of 828 and the grid chokes and capacitors of 849 should have
1.41 X 1,170 = 1,650 ohms reactance for 100 per cent modulation at frequency
f1- At 10 cycles this would be 27 henrys. Peak voltage across these chokes is
the 828 plate swing.

35 gauss.

Primary OCL =

= 0.815 henry.



7. HIGHER-FREQUENCY TRANSFORMERS

In Chapter 6 the influence of low-frequency performance on size
was mentioned. If high transformer OCL is required to maintain
good low-frequency response, many turns or a large core are necessary,
either of which limits the high-frequency response. But if the amplifier
frequency range is wholly composed of high frequencies, this limitation
is in large part removed. For example, in a power-line carrier ampli-
fier, the frequency range is 40 to 200 ke. 1t is then only necessary that
OCL be high enough to effect good response at 40 ke. This is a great
help in designing for proper response at 200 ke, and makes possible
the use of laminated iron-core transformers for these and higher fre-
quencies.

87. Iron-Core Transformers. At power-line carrier frequencies, the
principles discussed in preceding sections for lower-frequency trans-
formers apply. In terms of the mean frequency, the band is narrow,

0000000060
(X2 X Xe X e XXX X e X e)
AN N NN NN NN

Fi6. 159. Two-layer bank winding.

but at 40 ke the curves for low-frequency operation portray amplifier
performance just as they do at 30 cycles. Likewise at 200 ke care
must be used that the limiting factors of leakage inductance and wind-
ing capacitance do not interfere with proper operation.

In carrier frequency transmitters, transformers are normally used
for coupling between stages and for coupling the output stage to the
line. They sometimes transform a large amount of carrier power.
Coils are usually wound in single layers, spaced well apart to reduce
capacitance, and have but few turns. If the necessary turns cannot
be wound in a single layer, a bank winding like that shown in Fig. 159
may be used. This winding has more capacitance than a single layer

214
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but much less than two layers wound in the ordinary way. Since
intrawinding layer-to-layer capacitance is zero in these transformers,
the resonance frequency f, is usually determined by winding-to-wind-
ing capacitance.

In high impedance circuits, the winding-to-winding capacitance
may be reduced by winding “pies” or self-supporting vertical sections
side by side. Pies are wound with one or more throws per turn and
may be several turns wide. They have the general appearance of Fig.
160.t High, narrow core windows or several pies are desirable to re-

P
/ COIL FORM

il

Fic. 160. Pie-section windings.

duce leakage inductance. Transformer loss is mostly core loss. Two-
mil grain-oriented steel can be used advantageously in such transform-
ers, because of its low losses and high permeability. In transmitter
operation, class AB or class B amplifiers are commonly used, with or
without modulation, which may be as high as 100 per cent. In a
receiver, input and interstage transformers also are employed, mainly
to obtain voltage gain or for isolation purposes. Similar transformers
are used for line matching, especially where overhead lines are con-
nected to underground cables. Line impedance changes abruptly, and
transformers may be necessary for good power transfer.

Core data at these frequencies are usually not available except for a
limited choice of materials and gages. Approximate loss for 2-mil
oriented steel is given in Fig. 161. Interpolation or extrapolation from
known data may be necessary to estimate core losses. In spite of
this limitation, carrier frequency transformers are widely used. Some
of the transformers in Fig. 16 operate in the carrier band. Core
steel permeability decreases at high frequencies, depending on the

18ee “Theory and Design of Progressive and Ordinary Universal Windings,”
by Myron Kantor, Proc. I.R.E., December, 1947, p. 1563.
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lamination thickness. Oriented steel and nickel alloys have high
permeability at low frequencies, but, unless thin laminations are used,
this advantage disappears at frequencies of 20 to 50 ke. The approxi-
mate decline for low induction is shown in Fig. 162. Decrease of per-
meability may be so rapid that OCL nearly decreases inversely as
frequency with 0.014-in. and even 0.005-in. material.® Grain-oriented
steel 0.002 in. thick is well suited to these frequencies.
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Fic. 161. Approximate loss for 2-mil steel at higher frequencies.

Transformers are used at still higher frequencies. Capacitance
limits the upper frequency at which amplifier transformers may be
operated. In a tuned circuit amplifier, the tuning includes the inei-
dental and tube capacitance as well as the tank circuit capacitance.
A transformer has no tuning to compensate for such capacitances.
Even with zero winding capacitance there would be a frequency limit
at which any tube could operate into an untuned transformer without

t For additional core-loss and permeability data at higher frequencies, see “The
Variation of the Magnetic Properties of Ferromagnetic Laminae with Frequency,”
by C. Dannatt, JI.E.E., 79, 667 (December, 1936).
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Fic. 162. Approximate permeabilities of core steels at higher frequencies.

spoiling its efficiency or other characteristics. The most favorable
condition for the use of transformers at higher frequencies is low circuit
impedance. With low leakage inductance and low impedance cireuits,
transformer operation is possible in the high- and very-high-frequency
bands.

88. Other Core Materials. In the high radio-frequency bands, fer-
rite cores have the advantage of high resistivity and practically no
eddy-current component of core loss. Scveral grades are manufac-
tured commercially, usually mixtures of manganese, nickel, and zine
ferrites. Figure 163 is a set of normal permeability curves for differ-
ent grades of ferrites, and Fig. 164 gives initial permeability. Usually
the lower-permeability materials have lower loss at higher frequencies,
so that permeability is an inverse indication of the relative frequencies
at which ferrites are useful.
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Losses in ferrites are often related to the product ue@. (See Fig.
165.) 'This relation is approximately as follows:

Core loss  0.41 X 107%fB?
; = (95)
in.? #o®

Instead of po@, the quantity Rser/ufL is sometimes plotted, where
Rse: is the equivalent series resistance corresponding to core loss. Equa-
tion 95 then becomes

Core loss
3

'Ser

R
= 0.065 X 107%B2 [ — (96)
wfL
At the lower radio frequencies, finely divided powdered iron has
loss lower than some ferrites. Owens?® gives 1.0 mc as the highest
frequency for which this holds. Both ferrites and powdered iron have
temperature limits far below that of strip-wound cores: ferrites because
of low Curie temperature, and pow-

in.

dered iron because of possible damage SECONDARY COIL
to the bonding material. Powdered CS—L_:E"-:_:E_/—‘-_ g
iron with certain bonds has the better Cq [
temperature coefficient of permeabil- GF/;I\E:,E_%}' o i L
ity. Both materials are available in PRIMARY COIL!
the forms shown in Fig. 144. CORE

89. Capacitance Evaluation. In
high-frequency transformers, the ca- _Ei’%‘f_‘lzé
pacitances differ from those in audio o el s I
transformers in that the windings are - 1

usually single layers, whose turn-to- /

turn capacitance is negligible com-
pared to capacitance between wind-
ings and to the core. For example, in the transformer in ¥ig. 166, the
primary and secondary are each wound in a single layer concentrically,
in the same rotational direction, and in the same traverse direction
(right to left). It will be assumed that the right ends of both windings
are connected to ground (or core) through large capacitances, as shown
dotted, so that the right ends are at substantially the same a-¢ poten-
tial. Primary capacitance C; is composed of many small incremental
capacitances C,, and secondary C» of many small incremental capaci-
tances C,, each of which has a different voltage across it. Likewise,

Fic. 166. Single-layer windings.

1See “Analysis of Measurements on Magnetic Ferrites,” by C. D. Owens,
Proc. LRE., 41, 360 (March, 1953).
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many small incremental capacitances C, exist between primary and
secondary, which have different potentials across them. If the trans-
former is step-up,

1 1 (Ns - Np)2
C1=22C, and Cp = |20, +——7—2C, 97)

8

If the transformer is step-down,

C 1[20 S N se } d G =3¢,  (©8)
= - - 5 a an = - 8
gt N,? 3
If the ratiois 1:1,

N,=N,, C;=4%2C, and C, = 1ZC, (99)

For transformers with opposite angular rotations of primary and
secondary windings, or with opposite traverse directions (but not
both), minus signs in the factors (N, — N,)2/N,2 and (N; — N,)2/N,2
in equations 97 and 98 become positive; there is no other change. For
transformers with both angular rotations and traverse directions op-
posite there is no change at all in these equations. If there is a shield
between primary and secondary, omit terms containing C, in these
equations, and make 3C, and 3C), include the capacitance of secondary
and primary to shield, respectively. 3C, is the measurable capacitance
of the short-circuited secondary to core, and 3C, that of the short-
circuited primary to core.

In push-pull amplifier transformers, the secondary winding is inter-
leaved between two primary halves. The rotational directions of wind-
ing and traverse are important, as they affect not only effective capaci-
tance but also plate-to-plate coupling. It is usually best to have all
windings with the same rotational direction and traverse, and to con-
nect the primary halves externally.

Winding resistance increases with frequency because of eddy cur-
rents in the larger wire sizes, and copper loss increases proportion-
ately. Formulas for single-layer coils are given in handbooks.! Eddy-
current resistance of layer-wound coils in deep open slots is plotted
in Fig. 167 as a function of conductor thickness, frequency, and number
of coil layers; it approximates the increase of winding resistance in a
transformer.?

1See Natl. Bur. Standards Circ. 74, p. 304.

2S8ee “Eddy-Current Resistance of Multilayer Coils,” by T. H. Long, Trans.
AIEE, 64, 716 (October, 1945).
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90. Example. . Line Matching Transformer 50 to 500 ohms.

Frequency range 50 to 150 ke.
Power output 100 watts.

Primary voltage = VW = V50 X 100 = 70.7 volts.

Secondary voltage = V 500 X 100 = 224 volts.

Core 2-mil oriented silicon steel.

A, =045 sqin., I, = 6 in,, [, = 0.002 in. (incidental), core weight 34 1b.

Window 3¢ in. X 114 in.

Primary 31 turns No. 22 wire. Mean turn 3.8 in.

Secondary 100 turns No. 30 wire. Mean turn 4.6 in.

Windings arranged as in Fig. 166.

Insulation between primary and core, and between secondary and primary
14 in. of organic material.

Secondary effective capacitance 40 uuf.

B,, = 350 gauss.

Secondary OCL = 20 mh.

Secondary leakage inductance = 260 uh.
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Core loss = 8 watts per b X 0.75 = 6 watts. This is practically the only
loss.

X /Ry at 50 ke = (6.28 X 50,000 X 0.020)/500 = 12.56.

fr = 1,560 ke. B = 5.00.

According to Figs. 108 and 109, this transformer has nearly flat response over
the entire range.

91, Leakage Inductance at High Frequencies. Provided that a
transformer is operated at frequencies below resonance, the leakage
inductance measured at low frequencies governs response at high fre-

v CORE\

(a) (b)

Fi1c. 168. (a) Symmetrical and (b) asymmetrical spacing of concentric windings.

quencies. ILeakage inductance in concentric windings is lowest if
the windings are symmetrically spaced in the traverse direction, as in
Fig. 168(a). For a given number of turns, the leakage flux is least
in Fig. 166, somewhat greater in Fig. 168 (a), and much greater in Fig.
168(b). The increase in leakage flux is a function of core dimensions,
winding-to-winding spacing, and margin inequality. TFigure 169 shows
typical increase of leakage inductance when one secondary margin is
increased with respect to the other, as in Fig. 168(b).

Leakage inductance is very low in toroids with windings which cover
the whole magnetic path. Toroids are wound on special machines
which thread wire in and out of the core. Carefully wound toroidal
transformers function at very high frequencies.r If part of the core is
not covered by the windings, as indicated by dimension G in Fig. 170,
leakage flux sprays out of the ends of the coils and reduces the fre-
quency range.

92. Wide-Band Transformers. Untuned transformers operate in all
frequency ranges from 0 to VHF. The lowest operating frequency is a

1See “Very-Wide Band Radio-Frequency Transformers,” by D. Maurice and
R. H. Minns, Wrireless Engr., 24, 168 (June, 1947).
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fraction of 1 eycle. The highest frequency is in the VHF band, some-
where around 150 megacycles. No known transformer covers this
whole range at present. Television coaxial-line terminating trans-
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Fic. 169. Leakage inductance of asymmetrical windings.

formers have been made to cover the frequency range of 50 eycles to
6,000,000 cycles, or a ratio of highest to lowest frequency of over
100,000:1. This is an exceptionally wide band. More common wide-
band transformers are those in the audio band
of 20 to 20,000 cycles, or 10 to 30,000 cycles,
that is, with about a 3,000:1 frequency ratio. T
Often, transformers used at frequencies on the g
order of 100 megacycles are for relatively nar-
row bands, say 20 to 60 megacycles wide.

In low-impedance circuits, it is leakage in-
ductance that determines transformer behavior,
whereas at high impedance it is winding capaci-  Fia. 170. Toroidal core
tance. In most audio transformers the coupling and coil.

.~ WINDINGS
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coefficient is 0.9995 or higher. With bifilar windings, this figure may
increase to 0.999995.® Such a high coefficient of coupling requires the
use of good core materials. For a given source impedance and trans-
former core material, the product of turns ratio and band width s a
rough indication of size. Quite generally, for low power the widest-
band transformers are made of Permalloy or Supermalloy.

In high-impedance circuits the matter of size is not merely one of
space for mounting; it also has a direct bearing on the upper frequency
limit, since transformer capacitance is roughly proportional to size.
If capacitance is low, the band-width ratio (highest/lowest frequency)
is approximately equal to the ratio of OCL/leakage inductance. This
may be verified by comparing Figs. 108 and 109. It is most nearly
true for low-impedance transformers. With given primary impedance,
core size, and material, there is a limit to the step-up turns ratio pos-
sible for any specified frequency response.

93. Air-Core Transformers. Transformers considered hitherto have
had iron or ferrite cores. A class of transformers is widely used in
radio-frequency circuits without cores or with small slugs of powdered

iron. In a transformer with an iron
core, the execiting current required

for inducing the secondary voltage
_’Il 12 is a small percentage of the load
component of current. In an air-
core transformer all the current is

Fro. 171. General case of inductive eXciting current and induces a sec-
coupling. ondary voltage proportional to the
mutual inductance.

Consider the circuit of Fig. 171 in which Z; is complex and includes
the self-inductance of the primary coil. ILikewise, secondary imped-
ance Z, is complex and includes the self-inductance of the sccondary
coill. With a sinusoidal voltage applied, Kirchhoff’s laws give the
following:

Ey = Z)1) + joLy,l, (100)
0 = ZyI5 + jwL,I; (101)

where w = 27 times operating frequency, and L,, is the mutual induct-
ance between the primary and secondary coils.
From equation 101 we see that the voltage in the secondary coil is

1See “New 50-Watt Amplifier Circuit,” by F. H. McIntosh and Gordon J.
Gow, Audio Engineering, December, 1949, p. 9.
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numerically equal to wL,,I;, the product of primary current and mutual
reactance at the frequency of applied voltage E;. The equivalent
impedance of the circuit of Fig. 171 when referred to the primary side
is given by

Z' = Zy + (Xu?/Z5) (102)
where Xy = jwly,.

In the above formulas, the impedances Z;, Z;, and Z’ are complex
quantities whose real and imaginary terms depend upon the values of
resistance, inductance, and capacitance in the circuit. One common
practical case arises when the primary resistance is zero, or virtually
zero, and the secondary coil is tuned to resonance so that Z, is a pure
resistance Rs. Under these conditions, equation 102 reduces to

R’ = Xun*/Rs (103)

where R’ is the equivalent resistance in the primary.

Equation 103 gives the value of mutual inductance required for
coupling a resistance Ry so that it will appear like resistance B’ with a
maximum power transfer between the two coils, and states that the
mutual reactance Xy is the geometric mean between the two values of
resistance.

The ratio of mutual inductance to the geometric mean of the pri-
mary and secondary self-inductances is the coupling coeflicient:

k= Ln/VLiLy (104)

The value of k is never greater than unity, even when coils are inter-
leaved to the maximum possible extent. Values of & down to 0.01 or
lower are common at high frequencies.

Coupling coefficient is related to untuned transformer open- and
short-circuit reactance by means of the transformer equivalent circuit
shown in Fig. 107 (a), p. 147. Assume that the transformer has a 1:1
ratio, and leakage inductance is equally divided between primary and
secondary windings. Then if L; and L are the self-inductances of pri-
mary and secondary, respectively, L, is the total leakage inductance
(measured in the primary with secondary short-circuited), and Ly,
the mutual inductance,

XP+XN Ls
=N L,
2nf
Xs+ X Ly
,= N g,

2nf 2
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From equation 104,

. L, L,
VI, \/( L,,)?
Lm + -
2
1
- (104a)
1 + (Ls/2L,,)
If L, > Ls,

k~1—— (104b)

2L,

Equations 104 (a) and (b) are useful in estimating approximate trans-
former band width.

A tuned air-core transformer often used in receivers is shown in
Fig. 172. Here a sinusoidal voltage E; may be impressed on the pri-

1z Lm 1
e e —

FLl-3¢ 1]
R L |

Ry

F1a. 172. Tuned air-core transformer.

mary circuit by a vacuum tube amplifier. Resistances R; and R, are
usually the inevitable resistance of coils, but occasionally resistance
is added to change the circuit response. The value of voltage E» ob-
tained from this circuit depends on the impressed frequency ; in Fig. 173
it is shown for resonance at three different values of coupling. If the
value of coupling is such that

-XM' =V R1R2

we obtain a condition similar to that of equation 103, in which the max-
imum power or current is produced in the secondary circuit. Maximum
current through condenser C» gives maximum voltage E». This value
of coupling is known as the critical value. Smaller coefficient of
coupling gives a smaller maximum value of E,. Greater coeflicient
of coupling results in a “double hump” as shown in Fig. 173. The
heights of resonant peaks and frequency distance between peaks de-
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pend upon ecircuit @ and coeflicient of coupling k. The double hump
curve of Fig. 173 is desirable because, with modulated waves, fre-
quencies in adjacent channels are rejected; yet very little attenuation
is offered to audio frequencies which effectively add or subtract from
the ecarrier frequency normally corresponding to resonance. Close
tuning control and high @ are essential to good response and selectivity.

wLm>VW
“’Lm:m
wkm<YRiIR2
€2

- ) +
CYGLES OFF RESONANCE

Fic. 173. Response curves for circuit of Fig. 172.

If the primary circuit is made to resonate at a different frequency
from the secondary, audio response is much worse, and considerable
distortion is likely. Moreover, the response at mean frequency is less
than it would be if the circuits were properly tuned. Air-core trans-
formers are usually made adjustable for tuning and coupling.

94. Multiple-Tuned Circuits. Double hump resonance was obtained
with higher-than-critical coupling in the circuit of Fig. 172. Frequency
response with more humps is obtainable if there are more than two
coupled loops. Such circuits are more difficult to tune and adjust than
the circuit of Fig. 172 because of the reaction of each coupled loop on
the others. Easier adjustment can be made with successive “stagger-
tuned” band-pass amplifiers. Each amplifier stage is tuned to a
slightly different frequency. Because of the isolation of the stages by
the associated tubes, tuning one stage does not influence the tuning of
another.

Frequency response similar to that of multiple-tuned coupled eir-
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cuits may be obtained by iterative ladder filter sections. In other
words, it does not matter whether the coupling is inductive or capaci-
tive; the same shape of response is obtained from the same number of
circuits tuned in the same manner. Since similar results are obtained
from coupled circuits and filters, the choice between them may be
made on the basis of convenience or cost. Considerable literature
has accumulated concerning the design and adjustment of multiple-
tuned circuits, and special techniques have been developed for tuning
them.?

95. Mutual Inductance. It is evident from equation 101 that the
secondary voltage depends upon the mutual inductance between the
coils. Mutual inductance can be calculated by formulas which depend
upon the geometric configuration of the coils. If the coils are arranged

-
|
o
I

= N Lﬁlﬂ
2X 2X
(a) {b)

F1c. 174. Concentric coaxial coupled coils.

concentrically, as shown in either (a) or (b) of Fig. 174, the mutual in-
ductance of the coils can be found from

0.05a2N1N2 A2a2 l2 ‘
L = 1+ (3-45)| (105)
g g a

where N; = primary turns and Nj = secondary turns. All dimen-
sions are in inches. For most purposes, the bracketed portion of this
formula is approximately unity, and it has been plotted in Fig. 175
for a single-turn secondary. To find the mutual inductance for any
given number of secondary turns, multiply the mutual inductance
found from this curve by the number of secondary turns. The range
of ordinates and abscissas can be extended indefinitely.

If the coils are arranged coaxially as in Fig. 176, approxinate
values of mutual inductance are found as follows:

1See “Alignment and Adjustment of Synchronously Tuned Multiple Resonant
Circuit Filters,” by M. Dishal, Proc. I.R.E., 39, 1448 (November, 1951).
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Fie. 177. Factor F in equation 106 as a function of r,/r; (see Fig. 176).

Ln = FNiN;VAa (106)

In this formula all dimensions are in inches and the mutual inductance
is in microhenrys. The factor F can be conveniently found in Fig. 177.
Self-inductance of single-layer coils is

0.1a>N?K

. (107)

where a = mean coil radius in inches
N = number of turns
! = length of coil in inches
L = inductance in microhenrys
K may be found from Fig. 178.

Equations 105, 106, and 107 are based on equations 192, 187, and 153 in
Natl. Bur. Standards Circ. 74.
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Receiver intermediate-frequency tuned transformers generally have
coaxial coils. If the wire is more than 0.005 in. in diameter, it is com-
monly subdivided into several strands in the type of cable known as
Litzendraht, to reduce losses and increase . In transmitters, the size
of the coils becomes much larger, and concentric coils are employed.
The wire used is Litzendraht at 600 ke or lower frequency, and may

« 6
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\\
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LENGTH

Fic. 178. Factor K in equation 107.

contain many strands for carrying heavy currents. At higher fre-
quencies the wire is of solid or tubular section.

96. Powdered-Iron Slugs. Both self-inductances and mutual in-
ductances of a coil may be increased by inserting a slug of powdered
iron inside the coil tube. Tuning a coil to a given frequency is often
effected in this manner with fixed capacitors instead of tuning with
variable capacitors. Such a coil is shown in Fig. 179, with the pow-
dered-iron core hidden by the coil form. At the left end is the screw
and lock by which the inductance can be adjusted and maintained at a
given value. The mutual inductance of a pair of coils can be changed
similarly. This is preferable to attempting to vary the distance be-
tween the coils, since it requires no flexible connections. Powdered
iron is available in several grades, from ordinary powdered iron to
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powdered nickel alloy. Insulating compound reduces the permeability
of the core to values ranging from 10 to 125, depending on the grade of
iron and the frequency. In a given coil, the insertion of a powdered-
iron slug raises the inductance from 2 to 3 times the value which it
would have if no iron were present. Circuit @ increases similarly.
Higher Q results from a powdered iron or ferrite magnetic path, closed
except for small air gaps. For an untuned transformer, where high Q
is not essential, the air gap may be zero to reduce magnetizing current.

g

F1e. 179. Coil inductance is varied by powdered-iron slug.

97. R-F Chokes. When a choke is used to pass direct current and
present higli impedance to radio frequencies, it may have high r-f
voltage across it. High choke impedance at operating frequency is
necessary to avoid loss of r-f current which reduces the useful power
and overheats the choke. If a single-layer choke is connected to an
r-f generator at a given voltage, and if its current is measured as in
Fig. 180, the choke impedance is the ratio of voltage to current meas-
ured.

By disconnecting the choke from the circuit, the tuning reaction
may be noted, and from this whether the reactance of the choke is
inductive or capacitive. The difference in watts input to the generator,
when the coil is removed and the tank condenser is retuned for mini-
mum plate current, is readily observable. This difference times the
generator cfficiency is the loss in the coil at a particular voltage and
frequency.

The impedance of a typical coil, found as described above, is plotted
in Fig. 180 against frequency. At low frequencies (a), the curve follows
straight reactance line X (= 2«fL). At a frequency somewhat below
natural frequency b (determined by the choke inductance and effec-
tive capacitance), the slope starts to increase and reaches a maxi-
mum point at a frequency ¢ of 1.2b to 1.7b. Above this frequency, the
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impedance decreases until a minimum value is reached at d, which is
from 2.2 to 3.0 times b. At higher frequencies, the increase and de-
crease are repeated in a series of peaks and valleys at approximately
equal frequency intervals. The second, fourth, and sixth peaks are of
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Fic. 180. R-f choke impcdance.

lower value than the first, third, and fifth, respectively. The seventh
peak is followed by a flattened slope which suggests a submerged eighth
peak. The points of minimum impedance rise in value, so that at
higher frequencies the valleys appear to be partly filled in and the
peaks to be level off. The watts loss are high at points of low imped-
ance, and they rise sharply at the frequency d.

The change in reactance is shown in Fig. 180. The coil is inductive
up to frequency b. From b to c¢ it has no noticeable effect on the tuning
and hence is pure resistance, or nearly so. Above ¢ it is capacitive up
to a frequeney slightly below d, where it again becomes of indefinite
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reactance. Thereafter, it is capacitive, except for brief frequency in-
tervals, where it is resistive, or only slightly inductive. At all fre-
quencies higher than the fifth peak, the coil is capacitive.

Since a coil has distributed constants it is subject to standing waves
at the higher frequencies. The character of these waves may be found
by tapping the coil at various points and inserting thermogalvanom-
eters in series with the coil at these points. The current distribution is
plotted in Fig. 180 against coil length. These diagrams show the kind
of standing waves as the frequency increases.

Current distribution is uniform at all frequencies below b. Most
chokes are used within the first impedance peak. The useful range for
choke impedance of 20,000 ohms in Fig. 180 is 1,700 to 2,800 ke. This
choke could be operated at 5,500 ke safely also, but the frequency range
is narrower. Also, the safe loss dissipation is less because it takes place
over half of the coil surface. Pie-section chokes have similar imped-
ance curves, but impedance peaks following the first are less pro-
nounced.

98. Large Power Coupling Coils. In the tank circuits of large power
amplifiers, the coupling coils are arranged to couple the antenna to the
power amplifier, and the equivalent circuit is like that of Fig. 172.
Optimum coupling between tank and antenna circuits is given by equa-
tion 103. The construction of the coupling coil itself is usually similar
to that of Fig. 174 (b), with the coupling coil on the outside and spaced
from the main tank coil to reduce capacitive coupling. Taps are pro-
vided on the coupling coil for frequency and antenna resistance ad-
justments.

When the secondary circuit is untuned, and the secondary load is re-
active, all the secondary volt-amperes (which may exceed the sec-
ondary watts many times) flow through the transformer windings. It
is then necessary that tight coupling be used between primary and sec-
ondary in order to prevent loss of power, due to current circulating in
the primary without corresponding current flowing in the load. If the
load power factor is less than 20 per cent, currents and volt-amperes
in the circuit may be considered independent of the winding and load
resistances. In Fig. 171, let the load Z, be inductive, comprising Lg
and R;,. Also let

R] = O

L; = primary self-inductance
L, = secondary self-inductance
L,, = mutual inductance

k = coefficient of coupling = L,,/V L1,
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Then the secondary volt-amperes = I32Z,, and primary volt-amperes
= FE,I;. The ratio of maximum secondary volt-amperes transformed
to the primary volt-amperes is related to & as follows:

1,27, k2
= — (108)
By Jmax 200+ V1 — K2) — k2

This equation is plotted, together with values of ratio L3/Ls for maxi-
mum power transfer, in Fig. 181. If perfect coupling could be attained,
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Fre. 181. Effect of coupling on maximum volt-amperes in untuned load.

all the primary volt-amperes could be transferred to the load. Iron-
core transformers operate at the extreme right of Fig. 181. With air-
core transformers it is often difficult to approach this condition, espe-
cially if voltages are high.

99. High-Frequency Power Supplies. In cathode-ray tubes for
oscilloscopes or television receivers, high-voltage low-current sources
of d-¢ power are needed for the accelerating anodes. Voltages range
from 1 to 30 kv, and currents are on the order of 1 ma down to 1 pa.

Because of the many turns of wire required in high-voltage 60-
cycle transformers, high-frequency power supplies are often used. A
tetrode or pentode tube is used in a double-tuned circuit as shown in



236 ELECTRONIC TRANSFORMERS AND CIRCUITS

Fig. 182. Here the plate circuit is tuned by means of elements L, — C,,
and the load circuit by means of Ly — C2. The grid winding is coupled
from L;. The coupling between L, and L, is usually higher than criti-
cal, so that changes in load do not affect the resonant frequencies, but
instead vary the relative height of the two humps.

In general, the transformer represented by inductances L, and Lo

L

R
R

s c
= 3 L3

Fic. 182. R-f power supply.

is step-up. Load E; may be a voltage doubler, tripler, or quadrupler,
depending on the voltage needed from the oscillator.?

Frequencies used in such power supplies range from audio to medium
high radio frequency. The oscillator is usually operated class B or C;
loaded @ (or ratio of volt-amperes to watts) ranges from 10 to 20.
Lower values of @ result in oscillator instability with load changes.

With ferrite cores, departures from the overcoupled case are feasible.
Frequency is usually lower than with air-core transformers. The core
itself affords a certain amount of load to the circuit and therefore
results in better voltage regulation from load-on to load-off eonditions.
The single-tuned oscillator of Fig. 152 then becomes practical.

1See “Radio-Frequency-Operated High-Voltage Supplies for Cathode-Ray
Tubes,” by O. H. Schade, Proc. I.R.E., 31, 158 (April, 1943).



8. ELECTRONIC CONTROL TRANSFORMERS

Electronic devices are used to control speed, voltage, and current, or
may require control of these quantities. Most of the circuits can be
grouped into a few basic types. This chapter comprises typical cir-
cuits which use transformers and reactors.

100. Electronic Control Circuits. Vacuum-tube control circuits are
used for amplification of the input voltage, not always at a single

LOAD

| —
g I
60 CYCLE
SUPPLY

Fic. 183. Basic thyratron circuit.

PO — |
? —J [re— ®
INPUT

_Ec

frequency. With thyratrons the input voltage triggers the tube, which
then allows current to flow into the controlled circuit, but the output
wave may not resemble the input wave, as is desceribed below.

A simple circuit for thyratrons ANODE
operated with alternating anode VOLTAGE
supply and resistive load is
shown in Fig. 183.* During that
part of each cycle when the
anode is positive with respect to
the cathode, the tube conducts ©
current which passes through the mL
load, provided that the grid is at GRID VOLTAGE
the right potential. In Fig. 184 Fic. 184. Anode and critical voltages in
is shown the positive anode volt- basie thyratron circuit.
age for a half-cycle, with the

1 See Industrial Electronics, by F. H. Gulliksen and E. H. Vedder, John Wiley
& Sons, New York, 1935, p. 45.
237
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corresponding critical grid voltage. Any value of grid voltage higher
than this critical value will permit the tube to conduct. Once tube
conduction is started, change of grid voltage to a value less than criti-

ANODE
VOLTAGE

D-C GRID CRITICAL
INPUT VOLTAGE GRID VOLTAGE
0 : t
Y
(a)
A-GC GRID
VOLTAGE
D-C GRID
VOLTAGE
\ $—
(b)
t
D-G GRID
vomxee\

A-C GRID VOLTAGE

(c)

Fia. 185. Grid control of a thyratron tube with (a) variable d-c¢ grid voltage,
(b) variable d-c grid voltage with superposed a-c¢ grid voltage, (¢) fixed d-¢ grid
voltage with superposed a-c¢ grid voltage of variable phase position.

cal will not stop conduction. Conduction does stop, however, at the
end of the half-cycle, or when the anode voltage falls to zero. Three
methods of controlling the load current are shown in Fig. 185. Figure
185(a) shows how direct voltage applied to the grid permits conduction
through the tube over the shaded portion of the cycle. Minimum con-
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trollable current is half that which would flow if the tube were free to
conduct over the entire positive half-cycle. This method of control is
not precise, especially near the half-power point, because a small dif-
ference in d-c¢ input control voltage produces a comparatively large
change in conduction angle or may cause the tube to fail to fire alto-
gether.

Figure 185(b) shows a more satisfactory method of amplitude con-
trol. The grid is maintained at a positive d-c potential, and an alter-
nating voltage is superposed on it which lags the anode voltage by
90°. Varying the magnitude of the d-c¢ grid voltage shifts the zero
axis of the a-c wave up or down, and intersects the critical a-c grid
voltage at different points of the cycle. Tube current can then be
varied from zero to maximum. Close control of the tube current can
be obtained because the grid voltage wave intersects the critical curve
at a large angle.

In Fig. 185(c¢) another method is shown. The phase of a superposed
alternating voltage is shifted upon a negative d-c bias which is more
negative than the critical characteristic. Changing the phase position
of the a-c grid voltage varies the tube current from zero to maximum.
The phase position of the grid voltage can be shifted by several
methods, one of which is discussed in Section 101.

The anode supply transformer carries load direct current. Core
saturation may be prevented by an air gap; heating and regulation in
the primary winding due to excitation current govern the length of
air gap. Ordinarily, permissible maximum induction may be higher
than in a single-side amplifier transformer because impedance or fre-
quency response considerations are irrelevant with a 60-cycle supply
line. Excitation current may be comparable in magnitude to load
current. However, there is this difference: with a resistive load, cur-
rent flows only during the positive half-cycle, whereas magnetizing
current flows during the whole cycle. Secondary current is a series of
pulses, the maximum width of which is 180°. The rms value of these
pulses is half the peak amplitude, and this is the current which
governs secondary wire size. Rms secondary voltage is 2.22 times
maximum d-c¢ load voltage, as in a single-phase half-wave rectifier.
Design of the transformer is similar to the anode transformers in
Chapter 3, except for the higher induction and current wave form.

Full-wave circuits ! operate with two thyratrons and a center-tapped
transformer in which the net d-c flux is zero. The design of the anode
transformer is described in Section 102.

1 See Gulliksen and Vedder, op. cit., p. 54.
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101. Grid-Controlled Rectifiers. The basic a-c grid control circuit
described in the last section may be extended to more than one tube
and may control large amounts of power. Any of the rectifier circuits
of Table VII (p. 62) may be used with grid control of output voltage,
which supplants the older practice of using induction regulators in
the supply lines.

Smooth control of rectifier d-c¢ voltage under load conditions is
possible through the use of thyratrons or ignitrons with phase-shift
control of the grid or igniter. Stable control of filtered output is possi-
ble only with choke input filters. In Chapter 4 the regulation of a
rectifier is shown to be lowest if the input choke has inductance greater
than critical value. With grid control, if the filter choke inductance is
great enough, the tube conducts even after the anode reaches zero.
The tendency of current to stop at voltage zero builds up voltage
across the filter choke in such a direction that cathode potential is less
than zero after the anode reaches zero. Thus conduction in the tube
i1s maintained until the next tube fires. If the choke inductance is less
than critical, tube current wave is discontinuous, regulation is poor,
transient surges and oscillations in the output voltage occur, and con-
trol is unstable.

For a single-phase full-wave rectifier with grid control, the direct
voltage output decreases as shown by curve I in Fig. 186. Critical
value of inductance increases with firing angle and so does ripple volt-
age as shown by curves II and III in this figure. For a three-phase
full-wave rectifier, the direct output voltage is approximately 41 per
cent greater than the single-phase values shown in Fig. 186, and the
critical value of choke reactance less filter capacitor reactance is ap-
proximately one-tenth of the single-phase values over the range of
20° to 90° firing angle. At 90° firing angle, the d-¢ output always is
zero. Voltage across the choke reverses in sign but does not increase
in magnitude even with the maximum angle of 90°. Therefore the
maximum voltage from choke to ground is not changed, and the de-
sign of a reactor for this type of rectifier is the same as for a rectifier
without grid control, except for the value of inductance.

Choke-input filters can be used to maintain continuous current flow
in single-phase half-wave rectifiers. Although the output voltage is
reduced, as mentioned in Chapter 3, this combination is occasionally
useful.?

1 For general calculation of discontinuous waves. see “Voltage and Current

Relations for Controlled Rectification with Inductive and Generative Loads.” by
K. P. Puchlowski, Trans. AIEE, 64, 255 (May, 1945). For theory of controlled
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Grid-controlled rectifiers have more irregular current wave forms and
therefore more pronounced a-c line harmoniecs than ordinary rectifiers.!
Two methods of providing phase shift control of a constant amplitude
a-c grid voltage for grid-controlled rectifiers are shown in Fig. 187. In

T
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Fra. 186. Qutput voltage, ripple, and current continuity in single-phase full-wave
grid-controlled rectifier.

(a) a small value of resistance R effectively connects the upper grid
circuit terminal to the left-hand terminal of the supply transformer,
and a large value of R shifts it nearer to the right-hand terminal of the

rectifiers, see “Critical Inductance and Control Rectifiers,” by W. P. Overbeck,
Proc. I.R.E., 27, 655 (October, 1939).

1 See “Harmonics in A-C Circuits of Grid-Controlled Rectifiers and Inverters.”
by R. D. Evans and H. N. Muller, Jr.. Trans. AIEE, 58. 861 (1939).



242 ELECTRONIC TRANSFORMERS AND CIRCUITS

supply transformer. If the supply transformer is center-tapped, the
vector diagram of Fig. 188 shows the phase position of the grid voltage
E, in solid lines for a small value of R, and in dotted lines for a large
value of R. Varying the rheostat R thus varies the rectifier output
from full voltage to a low voltage.

TO GRID
GIRCUIT

TO 60
CYCLE SUPPLY
(@)
TO D-C CONTROL
|VOLTAGE \
R JE———
I 1
L>
TO GRID

CIRCUIT

TO €0
CYCLE SUPPLY

(b)

Fie. 187. Resistance-inductance phase shift circuits.

In Fig. 187(b) resistor R is fixed and inductance L is varied by means
of direct current flowing in one of its windings. The vector diagram of
I'ig. 188 still applies; the solid lines are for high inductance and the
dotted lines for low inductance. Direct current for varying the induct-
ance may be obtained through a thyratron or a vacuum tube, espe-
cially when rectifier output voltage is automatically econtrolled. The
reactor is usually of the saturable type.
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The widest range of inductance is obtained with zero direct current
at the higher inductance. In some vacuum-tube circuits, the minimum
direct current is not zero, and a bias winding is added to the center
leg to cancel the d-¢ ampere-turns with minimum current in the main
d-c¢ winding. Saturable reactors have many uses besides that described
here, and are discussed more fully in Chapter 9.

Fic. 188. Vector diagram for Fig. 187.

102. Thyratron Transformers. Anode transformers used for supply-
ing thyratrons resemble rectifier anode transformers but generally
have higher rms current for a given direct current in the load, and are
more subject to voltage surges. With resistive loads, anode current
has the same wave shape as the shaded portion of the anode voltage in
Fig. 185. The relation of peak, rms, and average currents is shown
in Fig. 189 as a function of firing angle 6 for single-phase full-wave
circuits. Voltage reduction as a function of 6 is shown in Fig. 190.
If a transformer is designed for operation with zero firing angle, maxi-
mum current flows in any given load; the transformer is then capable
of carrying the current with greater firing angle, so long as the load
impedance remains the same. If the load impedance is changed with
6 > 0 to keep the load current as high as possible, the limiting value
may be found from Fig. 189. The average load current which may
flow without overheating the transformer decreases as 8 increases.

High-voltage surges occur when capacitance input filters are used
with grid-controlled rectifiers. To a degree these surges are likely to
occur even when the load is nominally resistive, because of incidental
capacitance in the transformer, wiring, and other components. If the
load is a radio-frequency generator, the r-f bypass capacitor adds to
this effect. In Fig. 191(a) the total amount of external capacitance is
designated Cy. A half-wave anode transformer is shown for simplicity,
but each half of a full-wave transformer, or each phase of a three-phase
transformer, behaves similarly. When the thyratron firing angle is
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greater than zero, a steep voltage wave front occurs at the instant of
firing t,, Fig. 191(b), as follows:

Normal voltage induced at point A in the secondary winding is e,
volts above ground, just prior to ¢, As soon as the thyratron fires,
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F1c. 189. Single-phase thyratron currents.

the external wiring and circuit capacitance C; momentarily forms an
effective short circuit from A to ground. A large surge current flows
into this short circuit, but initially this current cannot be drawn from
the primary because of the inevitable inductance of the windings. The
initial current is therefore supplied by the secondary winding capaci-
tance. Since point 4 is momentarily short-circuited, a surge voltage,
equal and opposite to ¢, is developed in the secondary winding. This
voltage surge appears across the turns or layers of winding nearest
to A. Unless precautions are taken in the design of the anode trans-
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former the voltage may be high enough to damage the winding insu-
lation.

As is shown in Chapter 10, with steep wave fronts in single-layer
windings initial voltage distributes most equally between turns when
ratio « = v C,/C, is small, C, being the capacitance of the winding to
ground and C,, the series capacitance across the winding. If the sec-
ondary of Fig. 191 were a single-
layer winding of n turns, Cy 100

would be C,/n. In multilayer %0 ,/
coils, ratio « is not so readily §80 /
defined. 1In general, small effcc- 3 //
tive layer-to-layer capacitance ;70
means small effective C, in rela-  Z
tion to (', small «, and more '§50 7
linear initial distribution of volt- 3 40 |
age. Many layers are better ;30 /
than few layers in keeping ca- & //
. . @ 20
pacitance C, small. In the limit, & /
a one-turn-per-layer coil would 0 /l
have small « and good initial 02020 &0 80 100 120 10 160 180
voltage distribution. In practice © IN DEGREES
this extreme is not necessary to o
avoid layer insulation break- ok
down. It is usually sufficient to
split the secondary into part l

coils, like Sy and S; in Fig. 59.  pye 190. Relation of firing angle to
This reduces (7, to a quarter of voltage output.

{he corresponding capacitance of

full-width coils. Ratio « is reduced, and voltage distribution im-
proved.

Even with part coils there is some non-linearity of voltage distribu-
tion, especially in the top layer. This non-linearity may be minimized
by providing a static shield over the top layer and connecting it to
point A, Fig. 191. The momentary voltage deseribed above appears
within the winding, and unless there are taps it may not be observable.
If a surge suppressor circuit (usually a capacitor-resistor network
across the secondary) is used, it does not appreciably diminish the
internal winding voltage surge, but such a surge suppressor may be
necessary to damp out oscillations in the external circuit due to firing

of the thyratrons.
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Secondary windings of control transformers in thyratron grid cir-
cuits, like those of Fig. 187, should be insulated for the anode voltage.
When thyratrons arc-back the grids may be subjected to full anode
potential, which would damage lesser amounts of insulation.

L~
//
e ,
Vo t
| | !
o] te %

{b) SECONDARY VOLTAGE es AND CURRENT ig
WITH PHASE-BACK

Fig. 191. Thyratron plate transformer operation.

103. Peaking Transformers. It is stated in Section 100 that a large
angle of intersection between the grid firing voltage wave and critical
grid voltage is desirable for accurate control. A grid wave form with
vertical front edge would be ideal. To produce a steep peaked wave
form for firing thyratron tubes, sometimes special transformers are
used. Usually the design depends on the non-linearity of the mag-
netizing current. Figure 192 shows a peaking transformer in which the
magnetic core is made of special laminations. The primary is wound
on the full-width left leg, and the secondary on the right leg which is
made of a few laminations of small width. In the space between pri-
mary and secondary is a laminated shunt path with an air gap. In
Fig. 193 are shown the core fluxes ¢, and ¢s, linking the primary and
secondary coils, respectively. At low inductions, the same flux links
both coils. As the flux rises from zero in each cycle, at first all the
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Fic. 192. Peaking transformer.

flux links the secondary coil, but because of the smaller cross section of
the right leg it saturates at the value ¢, and the main flux ¢, flows
through the shunt path. Thus there is a long interval in each cycle
during which the flux change is substantially zero, and no voltage is
induced in the secondary coil. During the short period 6, a voltage
is induced in the secondary coil
which has a very pecaked wave form. Om e
This happens twice in each cycle.
Because of the shorter time for the
change in ¢, d¢/dt would remain
nearly constant over the angle 6,
if there were no leakage flux, and for es
1:1 turns ratio there would be ap-
proximately equal volts in the pri-
mary and secondary coils. The sec- Fig. 193. Fluxes and secondary volt-
ondary flux change takes place over age in peaking transformer.
a much shorter period of time, and
the flux rises to only a fraction of its maximum value ¢,,. Therefore
less core area is needed in the secondary leg to obtain the desired volt-
age e,. This leads to the following approximate ratio.

?s

65 r—

E

As 0, b
— = —sin — (109)
A4, = 2
where A, = core area in the secondary leg
A, = core area in the primary leg.

Peaked secondary voltage may be made steeper by the use of nickel-
iron laminations in the secondary leg, because these alloys have sharp
saturation. The air gap in the center leg prevents it from shunting all
the primary flux, which would reduce the secondary voltage to zero.
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This air gap should be no more than 5 to 10 per cent of the window
height, to keep leakage flux from threading through the secondary coil
and giving a less peaked wave form. With this length of air gap and a
total window length of twice the window height, the secondary turns
are, for a 1:1 voltage ratio,

N, =~ 2N, (110)

where N, is the number of primary turns.

Transformers may be made to peak by the use of special circuits
instcad of special cores. Voltage wave forms like Fig. 193 are obtain-
able if the primary winding is operated at a voltage exceeding satura-
tion but is connected in series with a large linear inductance or other
high impedance. Grain-oriented corc material, with its rectangular
hysteresis loop, is well suited to peaking transformers. When primary
and secondary windings are wound over the same magnetic path, the
same volts per turn are induced in both windings, and equation 110
no longer applies. A peaking reactor circuit is shown in Chapter 11,
Fig. 262.

104. Current-Limiting Transformers. Filaments of large vacuum
tubes sometinmes must be protected against the high initial current they
draw at rated filament voltage. This is done by reducing the starting
voltage automatically through the use of a current-limiting trans-
former, with magnetic shunts between primary and secondary windings.
The shunts carry very little flux at no load; as the load increases, the
secondary ampere-turns force more of the flux into the shunts until at
current I, Fig. 194 (), the output voltage is zero. The same prineiple
is used to limit current in transformers for oil-burner ignition, precipi-
trons, and neon or other gas-filled tube signs.

Cross-sectional area through each shunt path is the same as that
of the upper or lower leg of the shell laminations; then flux in the
shunts does not exceed that in the core, shunt iron loss is not abnormal,
and secondary voltage 1s sinusoidal. At short-circuit current I, half
the total flux flows through each set of shunts. The air-gap length in
cach shunt path ean be found from equation 35:

. 0.6N 1, (inches)
£ =g inches

where N = secondary turns
B,, = allowable induction in the shunts (in gauss).
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The constant 0.6 is generally too small because of the flux fringing
around the gap. The increase of gap made necessary by fringing may
be found from Fig. 72 (p. 102). If the shunts are too short, the trans-
former does not limit the current properly. It is best to have slightly
less air gap than necessary, and find by trial the right length of

MAGNETIC SHUNTS
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IF16. 194. (A) Current-limiting transformer; (B) output voltage versus current
curve.

shunt. Fringing flux heats the coils and core somewhat more than
in an ordinary transformer. If the secondary current is heavy, coils
are wound pancake fashion and connected in parallel; they may
have to be cross-connected for the coils to divide the load equally.

If the ordinate for open-circuit voltage and abscissa for short-circuit
current in Fig. 194(B) are equal, the curve is a quarter-circle for a
perfect transformer because the secondary current at short-circuit is
all reactive. With core, shunt, and winding losses the curve for an
actual transformer falls some 10 to 15 per cent less than the quarter-
circle at currents 0.5 to 0.75 times 7.
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105. Autotransformers. An autotransformer has a single winding
which is tapped as shown in Fig. 195 to provide a fraction of the pri-
mary voltage across the secondary load. The connections may be
reversed so that a step-up voltage is obtained. The regulation, leak-
age inductance, and size of an
autotransformer for a given rat-
ing are all less than for a two-
winding transformer handling
the same power. Where the volt-
age difference is slight, the gain
is large. Where the voltage dif-
Tls IZ ference is great, there is not

I, —

—1,

much advantage in using an
autotransformer, nor can it be
used where isolation of the two
circuits is required.

Autotransformers are used in
electronic applications chiefly for the adjustment of line voltage, either
to change it or to keep it constant. Examples are the reduction of
plate voltage for tuning an amplifier and the maintenance of constant
filament voltage. Taps may be chosen by means of a tap switch to
adjust the load voltage. The load voltage may be adjusted to within
half the voltage increment between taps.

If the voltage is adjusted while load remains connected, bad switch-
ing arcs occur, either from breaking the circuit or from short-circuiting
turns. To provide for adjustment under load conditions, a resistor
may be momentarily connected in the circuit as the tap switch bridges
from one tap to the next, and current is limited to full-load value. In
large power tap changers, a reactor replaces the resistor to avoid heat-
ing and losses.

The v-a rating of an autotransformer depends on the ratio of input
to output voltage. In Fig. 195 the output current Iy = I + I3. Let
p = per cent tap/100 = E./E,. Neglecting losses, I, = I;/p and
I;=(1/p —1)I;. Then

Fia. 195. Autotransformer voltages and
currents.

Volt-amperes (in the upper portion) = (1 — p)E I,
Volt-amperes (in the lower portion) = pE I3 = (1 — p)E 1,

which satisfies equality of volt-amperes in each section. TFor ratio p
close to unity, the v-a rating and hence size for a given output can be
made very small; for small values of p the size is not much less than
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that of a two-winding transformer, but the autotransformer has much
less regulation. Its effective winding reactance and resistance de-
crease as (1 — p)2; that is, for a given unit,

X (or R) as autotransformer

— =0 -p*
X (or R) as two-winding transformer

Appreciably less regulation is obtained in an autotransformer, even

when size is not reduced much, because the right-hand term in equa-

tion 111 is squared.

Fic. 196. Adjustable primary anode transformer.

When the power for electronic equipment is supplied by a 230-volt
line, but auxiliary items such as relays and small motors are used at
115 volts, a convenient way of obtaining the latter voltage is to center-
tap the primary of a large plate transformer, and use it as a 2:1 step-
down autotransformer. The larger primary winding copper requires
little extra space, and an additional transformer is thereby saved.

To improve the closeness of voltage control, a variable autotrans-
former has been developed in which the moving tap is a carbon brush
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which slides over exposed turns of the winding. Brush resistance pre-
vents excessive transition current and permits smooth voltage control;
yet it offers little additional series resistance to the load. The same
idea can be applied to two-winding transformers for secondary voltage
adjustment. A typical unit of this kind is shown in Fig. 196.

When autotransformers are used on three-phase supply lines, they
may be connected the same as two-winding transformers in star, delta,
open-delta, or Scott connections. The last two connections are less
subject to objectionably high regulation in autotransformers and, if
they supply three-phase anode transformers, cause no serious primary
voltage unbalance for voltage ratio p close to unity.

106. Static Voltage Regulators. Automatic regulators of various
kinds have been devised for keeping comparatively small amounts of
power at a constant voltage. Figure 197 shows one circuit for a res-
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A-C SUPPLY ouTPUT
LINE Lo C;
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Fic. 197. Resonant-circuit voltage regulator.

onant-reactor voltage regulator. Inductance L, is linear. Inductance
L, and capacitor C, are parallel-resonant at the supply line frequency
and rated voltage. The pair draws very little current, so that the reac-
tive voltage in L, is low. Output current flows through its secondary
winding which is of such polarity as to maintain rated voltage. In-
ductance L, is partially saturated at this voltage. If line voltage falls
below rated value, less current is drawn by Ly, and the L.C; combina-
tion becomes untuned. Total current to the parallel circuit is then
capacitive, and this capacitive current, drawn through L, raises the
output voltage. Conversely, if line voltage rises above rated value, the
L,C, combination becomes untuned on the inductive side, and the out-
put voltage falls below the line value. Output voltage variations of
41 per cent are obtained with +10 per cent line voltage variations
in this manner, and with load changes from zero to full load.
Constant supply frequency is a condition for resonance at rated
voltage; with the good frequency control of modern power systems
this condition is generally fulfilled. Load power factor variations
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cause output voltage to change. Some regulators are provided with
taps to minimize this effect. Output wave form contains a noticeable
third harmonie, because the large magnetizing current of L, must flow
through appreciable impedance in L;. Owing to the partial saturation
of reactor L, it tends to operate at a high temperature and requires
good ventilation. Practical regulators are in use with ratings from
25 v-a to several kva.
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Fic. 198. Voltage regulator characteristic.

Electronic voltage regulators make use of a gas-filled regulator
tube, which has a v-a characteristic such as that shown in Fig. 198.
Current drawn by this tube changes between wide limits with virtually
no change in voltage. A series resistor is ordinarily used to limit the
current. When output current in excess of the “V-R” tube rating is
desired, it may be used as a voltage reference for a current amplifier.

Some voltage regulators amplify the difference between a voltage
reference and the output voltage of a rectifier or generator. This
difference is called the error voltage. The amplifier output reduces the
generator field if generator output voltage is high and increases the
field if the output voltage is low. Likewise, motor speed may be
regulated by the difference between tachometer output and a voltage
reference. Or the angular position of a motor may be controlled elec-
trically as desired by remote means. These means are discussed in
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books on servomechanisms.! If a thyratron amplifier is used as part
of a servo system, one thyratron may produce an effect opposite to
that of the other, such as reversing current in the load. This amplifies
the power controlled by error voltage.

In many modern regulator and servo systems, magnetic amplifiers
are used. These devices are described in Chapter 9.

107. Demodulators. Demodulators or detectors measure phase or
amplitude variations which are used to convey intelligence or control

Fic. 199. Phase-difference demodulator.

another device. A circuit often used for phase detection is shown in
Fig. 199. Transformer T has a balanced secondary with e; volts per
side. In frequency or phase demodulators, the circuit is called a dis-
criminator, and uses air-core transformers. This circuit is used in
phase demodulation to produce a d-c¢ voltage proportional to phase
shift. In this case e leads e; by 90° for zero output. This condition
is shown in the upper vector diagram. If ep should lead the upper e,
by less than 90°, e4 would increase and ep decrease, causing a net d-c¢
voltage to appear across the output. If es should lead the lower e,
by less than 90° the d-c¢ output voltage would change polarity. The
plate voltage of one diode is the vector sum of e; and e,, and is 90°
out of phase with the plate voltage of the other diode (which is the
vector difference of e; and es). If the phase angle ¢ between ey and e,
changes either positively or negatively, output voltage Eg is very
nearly proportional to ¢, up to ¢ = +£60°. For positive phase shift,
the output I, is negative; for negative phase shift, E4 is positive.
For good linearity, load resistances R, should be large compared to the
diode resistances.

Modifications of this circuit made to eliminate the vector difference

1See Principles of Servomechamisms, by G. S. Brown and D. P. Campbell,
John Wiley & Sons, New York, 1948.
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voltage or to reduce the degree of amplitude modulation are known as
balanced and ratio detectors.®

As used in servo control, the demodulator produces d-c output which
changes polarity when one voltage reverses with respect to the other;
in this case e, adds directly to one voltage e; and subtracts from the
other. The lower vector diagram shows how a voltage es — e; causes
a low difference voltage on diode A and a large sum voltage on B to
produce a nct d-c output voltage. Transformers in phase-reversal de-
modulators are usually iron-cored. Both transformers T{ and T,
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Frc. 200. Rectified amplitude-modulated wave.

should have low exciting current so that the phase angle between the
voltages to be measured is not appreciably increased. For the same
reason, the source impedances should be small; when this is not pos-
sible, the transformers should be matched. Figure 131 shows how
nccessary this is. With equal source and load resistances, several de-
grees of phase shift are introduced even if the ratio of transformer re-
actance to source resistance is 10:1. Variations in this reactance cause
errors in the phase-demodulator output.

In a-m receivers, the received signal is modulated radio frequency.
If 100 per cent amplitude modulation is used, the r-f amplitude is varied
from O to 200 per cent at an audio-frequency rate. The detector, or
demodulator, of the receiver first rectifies the r-f signal and then elimi-
nates the r-f component, leaving only audio frequencics in the output.
A rectified signal, before the r-f is eliminated, is shown in Fig. 200.

Demodulation is accomplished in the circuit of Fig. 201 by means
of diode 6H6-2. Each half of the r-f cycle is rectified and the d-c

18ee “Diode Phase-Discriminators,” by R. H. Dishington, Proc. I.R.E., 37, 1401
(December, 1949); also, Radiotron Designer’s Handbook, F. Langford-Smith,
RCA Victor Division, Harrison, N. J, p. 1088,
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power is absorbed in resistor R3. Audio power is bypassed around Rj
by capacitor Cs, and the voltage is impressed upon the primary of trans-
former T5. If an amplitude-modulated wave is used in this amplifier,
the output voltage of winding S; on transformer T'; has the form shown
in Fig. 200. The first few cycles are shown as full-wave rectified loops
with constant amplitude, that is, with no modulation. The audio out-
put for this section of the wave is zero. A sine-wave envelope of 100
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Fie. 201. Demodulator and automatic gain control circuits.

per cent modulation is shown in the rest of the figure. Average volt-
age left after the carrier frequency half-loops have been absorbed by
the r-f filter L,C, is the audio voltage impressed on transformer T..

The method of demodulation just described is known as diode de-
modulation. It is often accomplished by means of a single diode, and
then every other lobe of the wave in Fig. 200 is omitted. Methods
are in use also for demodulation with a triode, in which some amplifica-
tion of the demodulated wave is obtained.

108. Automatic Gain Control. Vacuum-tube amplification factor is
constant under certain conditions of operation. With high current
operation the amplification factor in the region of high anode current
and low anode voltage is no longer constant.

Some tubes are designed to have large variations in amplification
factor. These are known as variable-mu, remote cut-off, or super-
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control tubes. The mutual conductance of such tubes is highly vari-
able with grid bias. Tigure 202 is the eurve of mutual conductance
for a tube of this kind. Such a characteristic can be used to reduce
gain at high amplitudes and thus prevent overmodulation in audio
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Fic. 202. Variable-mu tube (6SK7) mutual conductance curve.

systems. In Fig. 201 the circuit shown automatically reduces gain for
excessive values of applied grid voltage ¢, on the grid of the 6SK7
tube. This tube drives a 6L6 output tube through transformer T',.
On this transformer there is an auxiliary winding S, which is con-
nected to rectifier tube 6H6-1 and produces the rectified output
across resistance K. having a negative potential at the point shown.
With large signals, the voltage rectified across R, is large and reduces
the mutual conductance and plate voltage swing of the 6SK7 tube.
Nearly constant output voltage is maintained in the 616 output.

If the power output of the 6.6 tube is dclivered mainly into a linear
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a-¢ impedance, the slight additional load imposed by the gain control
makes little difference. But if all the output is delivered to rectifier
loads, as it is in Fig. 201, the non-linearity of both tube and load
causes output distortion. This is true particularly of beam or pentode
output tubes. The normal class A output of a 616 beam tube is 6
watts but, if the output power is all rectified, only 50 mw can be drawn
without excessive distortion. Half-wave rectifiers and capacitor-input
filter outputs are worst in this respect, because of the current dis-
continuities. If the automatic gain control rectifier input is taken
from a tuned amplifier, these difficulties decrease. The tuned circuit
capacitor readily supplies irregular current wave forms, provided the
amplifier has sufficient power output available.

Automatic volume control (AVC) is applied in receivers to either
the r-f or audio stages, to maintain approximatcly constant volume in
spite of fading or other causes of input voltage variations. Tt is ap-
plied in audio amplifiers to maintain better output volume with differ-
ing voice levels.

If the input grid resistor B, in Fig. 201 is connected to a fixed
negative bias the AVC is inoperative below the value of bias voltage.
This is called delayed AVC; with it, no AVC is applied until a certain
output level is reached. In some receivers, more than one stage may
be controlled, and the AVC action is amplified.

Circuits similar to this are used in power-line carrier receivers. The
carrier frequency is 40 to 200 ke, and audio frequencies are employed
for modulation. In transformer T; some special problems are encoun-
tered because the transformer operates over a range of 40 to 200 ke,
delivers the correct amount of voltage to the automatic gain control
tube 6H6-1 for proper AVC action, delivers the proper output to the
audio load without distortion, and obtains these voltages from a nearly
constant current source. The transformer ratio is obtained by estimat-
ing the r-f voltage swing obtained with a square primary input current
wave, and dividing this by the voltage required to produce the neces-
sary audio output after choke L, smooths the rectified lobes to the
average value shown by the heavy dotted lines in Fig. 200. Trans-
former voltages and currents are calculated as in Table VIT (p. 62)
for a single-phase full-wave rectifier, but with peak audio current and
voltage taking the place of d-c output.



9. MAGNETIC AMPLIFIERS

Amplifiers with saturable reactive elements are known as magnetic
amplifiers. Such amplifiers have been built with power gains of over
1,000,000. Compared with electronic amplifiers, magnetic amplifiers
have the advantage of long life. It is the purpose of this chapter to
describe the operation and design of elementary magnetic amplifiers.

109. Saturable Reactors. From the fundamental theory of trans-
formers, it will be recalled that the voltage induced in a winding
usually far exceeds the resistance drop in that winding. In other
words, winding open-circuit reactance usually is much greater than
winding d-c¢ resistance. Further, it will be recalled that a relatively
small amount of direct current flowing into the winding of a trans-
former, in the core of which there is no air gap, causes the core to
saturate. Thus, the reactance of the transformer may be varied by
a small amount of d-¢ power. Now, if one winding of a transformer
is connected between an a-c¢ supply and a load, the amount of power
delivered to the load may be controlled by a small amount of d-c
power flowing in another winding. Because of the fact that open-
circuit reactance ordinarily exceeds d-c resistance, the possibility of
power amplification is inherent in a transformer. When one winding
of a transformer is used for d-c¢ control power and another for a-c
output power, the transformer is called a saturable reactor.

110. Simple Magnetic Amplifiers. A single reactor, with a battery-
fed d-c source controlling one winding and a-c power fed through
the other winding, would have a-c voltage induced in the d-¢ winding.
If this d-¢ winding were closed only on the battery, it would effectively
short-circuit the a-c¢ voltage in the power winding. This difficulty
might be overcome by using a high impedance in the d-c¢ control cir-
cuit. A more common solution is to use two reactors, one of the d-c
windings of which is reversed, whilc the a-c windings add normally.
Conncctions of this sort are shown in Fig. 203 (a), with the a-c wind-
ings in series; it is possible to conneet them in parallel as in Fig. 203 (b)
in order to allow more load current to flow at lower a-c voltage.

259



260 ELECTRONIC TRANSFORMERS AND CIRCUITS

When there i1s zero direet current in the control windings of Fig.
203, both reactor impedances are large and prevent any load current
cxcept exciting current from flowing throughout the a-c¢ voltage cyele.
When direct current is applied to the control windings, impedance
remains large for the first part of a cycle, until saturation flux density
is reached. Then reactor impedance is reduced and a large load cur-
rent may flow. With rectangular B-H loop core material, such as
that shown in Fig. 22 (p. 26), the change from high to low impedance

D-C D-C
INPUT TO INPUT TO
CONTROL CONTROL .
WINDINGS WINDINGS
SUPPLY SUPPLY
(@) (b)

F1c. 203. (a) Series and (b) parallel-connected simple magnetic amplifiers.

1= abrupt. If the loop were a true rectangle, the load current wave
form would be as shown by ¢, in Fig. 204(a). Only the exciting cur-
rent flows in the load during the interval 0-6,. Then saturation is
reached and load current suddenly rises to a large value. From #,
to . %, has sinusoidal shape. During the next half-cycle, this load
current shape is repeated but in the reverse direction.

For a 1:1 turns ratio in each reactor, current ¢, in each control
winding equals 7, minus the exciting current. In one reactor, because
of the reverse connection, current ¢, flows in the opposite direction.
Total current in the control circuit is as shown by the lower trace of
Fig. 204(a), the average value of which is the input direct current I..
Thus load current contains fundamental and odd harmonics, whereas
control current contains only even harmonics. If sufficient control
current flows to saturate the cores over the full cycle, load current
also flows over the full cycle and is sinusoidal in wave form. For
turns ratios other than unity, load and control currents are inversely
proportional to turns ratio.

In the foregoing it was assumed that control current was free to
assume the shape shown in Fig. 204(a). This is true, on a 1:1 turns-
ratio basis only if the control circuit impedance is small. If total
control circuit resistance is denoted by R and load resistance by R,



MAGNETIC AMPLIFIERS 261

for By « Ry, load and control currents are sine waves, or portions
thereof., If the opposite is true, namely Ry 3> Ry, control current wave
shape is determined by R,. For very large R¢, control current is con-
tinuous, and the current wave shapes approach those in Fig. 204(d).
In this figure, d-c source impedance is large, even harmonics cannot
flow, magnetization is “constrained,” load current is flat-topped, and
voltage across the reactor is distorted considerably. This distortion
can be overcome by the use of a capacitor across the control coils as

(a) (b)

Fic. 204. Simple magnetic amplifier voltage and currents with (a) B, << B, and
(b) Ry>>R;.

shown dotted in Fig. 203(a). When the reactors are parallel-con-
nected, as in Fig, 203(b), even harmonics may flow in the load coils,
and capacitors are unneccssary for Ry > R,

Sometimes the two cores are combined into one, in the manner
shown in Fig. 205. This is called a three-legged reactor, with one
d-c coil and two a-c¢ coils. Figure 205 shows the relative paths for
the a-c and d-c fluxes. Equal turns in the a-c¢ coils set up equal a-c
magnetomotive forces which cancel in the center leg, and cause flux
to flow as indicated by the solid line. No fundamental alternating
voltage is induced in the d-c coil, but d-c¢ flux flows in both outer legs
as indicated by the dotted lines. A change of current in the d-c coil
causes a change in total flux linking the a-c coils and hence a change
of inductance. A-c coils may be connected in parallel instead of
series, provided that equal turns in each coil and the flux polarity of
Fig. 205 are maintained; for the same total number of turns the in-
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ductance is halved and the alternating current doubled. The middle
core leg shunts the even harmonics of a-c flux.

Rectangular B-H loops are obtained in grain-oriented core mate-
rials. It is only in these materials that the wave shapes of Fig. 204 (a)
are even approximated. In unoriented core steel, wave shape is much
more rounded, and control current bears less rescmblance to load cur-
rent. Figures 206 and 207 indicate the contrast in saturation control
afforded by unoriented silicon steel and oriented nickel steel. In
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Fic. 207. Typical magnetization curves for 0.002-in. grain-oriented nickel-steel
toroidal cores.

grain-oriented steel cores there is an approximately linear relationship
between d-¢ ampere-turns per inch and a-¢ ampere-turns per inch over
a large range of flux density. Moreover, the a-¢ NI/in. for a given
d-¢ NI/in. change but little with a-c¢ flux density over this range. In
Fig. 207, each of the lines for a given value of control magnetizing
force is nearly vertical. For a given value of control NI/in., load
current is almost independent of flux density and therefore of a-c
supply voltage. The sections following are based on the use of grain-
oriented core steel.

111. Graphical Performance of Simple Magnetic Amplifiers. Since
with a given core and supply frequency there corresponds a definite
voltage for every flux density, and since for a given number of turns the
ampere-turns per inch are proportional to current, the curves of Fig.
207 may be replotted in terms of voltage and current. We may then
plot load lines on these curves in a manner similar to those in electronic
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amplifiers, so that the operation, efficiency, control power, etc., may
all be determined {rom a study of Lhese load lines.

In Chapter 5 (p. 142) equation 58 indicates that the a-c¢ voltage in
a vacuum-tube circuit is divided betwecn the load and the tube. If
a resistive load is used, a straight line can be drawn on the charac-
teristics of a vacuum tube which will form the locus of plate current
and plate voltage for any given load and supply voltage. This line is
called the load line, and by use of it the gain and power output of the
amplifier can be determined.
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¥i6. 208. Generalized magnetic amplifier characteristics and load line.

A similar method can be used with magnetic amplifiers. If a linear
reactor were connected in series with the load, the voltage across the
load and the voltage across the reactor would add at right angles.
With rectangular loop core materials, currents are not reactive in the
linear sense, so that the actual load line is neither a straight line nor
an ellipse. For practical calculations the straight line 1s used, and the
results obtained are correct within small percentages if the reactor
voltage and current are measured on an average-reading voltmeter
and ammeter.

Figure 208 shows similar information to Fig. 207, except that it is
for a given core. The scale of abscissas is ampere-turns, and the
scale of ordinates is volts per turn. These characteristics can be used
for any amplifier which uses the same cores and the same supply
voltage and frequency as the amplifier on which the measurements
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were made to obtain these characteristics. These characteristics can
be derived for a given core from the parameters of a-c flux density,
a-c magnetizing force, and d-c¢ magnetizing force as shown to the right
and top of Fig. 208. These curves then give a set of characteristics
for a given core rather than for a given core material. Some error is
involved if these curves are used with a different supply frequency
from the one used in making the original curves. Over a narrow
range of frequency the curves of Fig. 208 using the scale at the top
and to the right can be used to determine the operation of a magnetic
amplifier for different loads. The curves of Fig. 207 may be used for
magnetic amplifier calculations in this manner. For convenience of
calculation, it is usually preferable to make a set of characteristic
curves for several core sizes and for each supply frequency.

An example will show how these curves can be used in the design
of magnetic amplifiers. Assume that it is necessary to design an ampli-
fier with 30 watts output using cores with E/N and NI of Fig. 208.
The supply voltage is 100 volts, the load is 200 ohms, and 0.01 amp is
available for use in the control winding. The characteristics show
the E/N can be varied from about 1.4 to 0.2 and still stay on the
linear part of the characteristic curves. The power output is equal to
AE % Al which is also equal to A(E/N) X ANI, where E is the alter-
nating voltage across the reactors, I is the alternating current through
the reactors, and N is the number of turns in the load windings of the
reactor. ANT needed for 30 watts = 30/(1.4 — 0.2) = 25 ampere-
turns. lLoad impedance is AE/AI. A load line on Fig. 208 is (AE/Np)
=+ ANI = (AE/AI)(1/N ?), where Ny, = turns in load winding. For
200 ohms, the load line passes through the points £/N,, = 14, NI, =
2.5, and through E/N; = 0.2, NI,, = 27.5. When this line is extended
to the ordinate it intersects at 1.54. This is the point of zero alternat-
ing current or of infinite rcactor inductance. At this point the total
supply voltage would be across the reactor. Since the supply voltage
is 100 volts, 100/N = 1.54 and N, = 65 turns. By interpolation of
the d-¢ NI curves, we see that, for /N = 0.2 and NI, = 27.5, 25
ampere-turns are necessary in the control winding. The turns in the
control windings are N.I./I, = 25/0.01 = 2,500 turns. Here I, is the
current in the control winding, and N, are the turns in the control
winding. Control winding resistance is determined by the wire size.
For the purpose of this example, assume that the resistance of the con-
trol winding is 500 ohms. Then the power in the control winding is
500 x 1.2 = 0.05 watt. Power gain of the amplifier is power out/
power in = 30/0.05 = 600. The impedance of either the input cir-
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cuit or output circuit can be changed by changing the number of turns
in the respective windings. Either impedance varies with the square
of the number of turns used in the winding. For example, the load line
which was used for 200 ohms in the preceding example could be used
for 800 ohms. The load winding would then have /800/200 % 65 =
130 turns, and the supply voltage would be 200 volts instead of 100
for E/N = 1.54 at zero current.

Power output is proportional to the area of the rectangle of which
the load line forms a diagonal. More power output can be obtained
by using a load line with less slope, but gain may increase or decrease,
depending upon the winding resistances and core material. In the
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T16. 209. Simple magnetic amplifier transfer curves with line-voltage variations.

preceding example, the load windings were assumed to be in series
with the load, as in Fig. 203. This is the connection commonly used
when the source is a 60-cycle a-c line. With a high impedance source,
it is preferable to connect the load windings in shunt with the load.
Then the ordinates of Figs. 207 and 208 correspond to load voltage at
all times.

If we choose threce line voltages corresponding to flux densities
within the linear portions of Fig. 207, and plot the d-c¢ control versus
a-¢ load ampere-turns per inch, the curves of Fig. 209 result. If,
instead of NI/in., average load current is plotted, Fig. 209 gives the
transfer curves for a simple magnetic amplifier. The curves are sym-
metrical about zero ampere-turns. The difference between the trans-
fer curve and a straight line indicates the degree of non-linearity in
the amplifier for any load current. With grain-oriented core mate-
rial the a-c load current is nearly independent of supply voltage for
a-c inductions less than saturation. Provided that appropriate changes
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in scale are made, transfer curves may be plotted between load volt-
age and control current, or between load ampere-turns and control
ampere-turns, or between combinations of these.

Load current is the result of flux excursions beyond the knee of the
normal magnetization curve. In Fig. 207 the curve for zero control
NI/in. 1s normal magnetization for the material. When direct current
flows in the control windings, it sets up a constant magnetizing force
in the core. Then superposed a-¢ magnetizing force readily causes a
flux excursion beyond the knee of the curve, permeability suddenly
drops, and a large current flows through the load winding. The point
in the voltage cycle at which this sudden increase in current occurs
depends upon the amount of direct current in the control winding.
Magnetic amplifiers with steep current curves like those of Fig. 207
can be used as control relays.

Load current is usually measured with an average-reading am-
meter, such as a rectifier-type instrument. This kind of ammeter
is generally marked to read the rms value of sinusoidal current but
actually measurcs the average value. Thus the ammeter reading is
0.707/0.636 = 1.11 times the average current over a half-cycle. When
the meter is used to measure non-sinusoidal current, it still reads 1.11
times the average.

Except for the slight amount of non-linearity noted in Fig. 209,
the average value of ampere-turns in the load winding of each re-
actor equals the d-c¢ ampere-turns in the control winding. But since
the a-c ammeter reads 1.11 timmes this value, the load a-¢ NI/in. are
1.11 times the control d-¢ NI/in., plus the differential due to core
magnetizing current. Thus, if a core had infinite permeability up to
the knee of the magnetization curve and zero permeability beyond the
knee, the transfer curve would be exactly linear. Oriented nickel-
iron alloy cores approach this idcal and therefore are more nearly linear
than other materials.

112. Response Time. Because of the inductance of the reactor
coils, when a change is made in the control winding direct current,
load current does not change immediately to its final value. An inter-
val of time, called response time, elapses between the change in con-
trol current and the establishment of a new steady value of load cur-
rent. If the inductance were constant during the change, the response
time constant would be the time required for a load current increase
to rise to 63 per cent of the final value after a sudden control current
increase. Magnetic amplifier response time cannot be evaluated as an
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ordinary linear L/R time constant. Storm ! shows that the time of
response of simple magnetic amplifiers is independent of corc permea-
bility. An average or equivalent control circuit inductance may be
found from the relation

L R Ne\?
Ty =S =L (—i> (112)
R¢ 4fRc \Ny
where Ty = time for load current increment to reach 63 per cent of
final value

L¢ = equivalent total control coil inductance (henrys)
R = total control circuit resistance (ohms)
R = load resistance
f = line frequency
N¢ = turns in control winding
N, = turns in load winding.

An obvious method of decreasing magnetic amplifier response time 1is
by increasing R¢, but this has the disadvantage of reducing overall
power gain. Gain and response time are so related that the ratio of
gain to time constant in a magnetic amplifier is usually given as a
figure of merit.

113. Feedback in Magnetic Amplifiers. [f a rectifier is interposed
between the reactor and load, and a separate winding on the reactor
is connected to this rectifier as in Fig. 210, it is possible to obtain
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Fic. 210. Magnetic amplifier with external feedback.

sufficient power from the rectifier to supply most of the control power.
If the control power from the rectifier furnishes the ampere-turns
represented by the straight line in Fig. 209, the amplifier is said to

1 “Transient Response of Saturable Reactors with Resistive Load,” by H. F.
Storm, Trans. AIEE, 70, Part I, p. 99 (1951).
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have 100 per cent “feedback.” It is then necessary for the control
winding to supply only the amount represented by the horizontal dif-
ference betwecn the transfer curve and the straight line. This greatly
increascs the amplification of a pair of reactors.

Typical transfer curves for a simple magnetic amplifier are plotted
in Fig. 209 for three a-c supply voltages: 100, 110, and 120 volts. A
100 per cent feedback line intersects the transfer curves at Iy, Iy, and
I, respectively. The control NI/in. are furnished by the feedback,
except for the control current difference between the feedback line and
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I'tg. 211. Transfer curves for magnetic amplifier with feedback.

the transfer curve. Positive control current is required when the trans-
fer curve is at the right, and negative current when it is at the left, of
the feedback line. Net control N1/in. for the three voltages are plotted
in Fig. 211 with cxpanded abseissa scale. Now the transfer curve is
asymmetrical. Most of the amplifier gain occurs with negative con-
trol current changes. On the steep parts of the transfer curves, gain is
fairly linear and greatly exceeds the gain of simple amplifiers. Be-
low the steep parts, output current reaches a minimum but remains
small with relatively large excursions of negative control current.
These current minima are called cut-off points. Reference to Fig. 207
shows that cut-off current is Iy, the normal exciting current at supply
voltage /. With positive control, current output levels off to a nearly
constant value, depending on the voltage. Feedback causes output
current to be quite dependent on variations in a-¢ supply voltage,
because Iy has a greater effect than in simple amplifiers.
Computing control current for transfer curves with feedback as
described in the preceding paragraph involves a small difference be-
tween two large quantities. Minor measurement errors in the original
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data cause large inaccuracics in the feedback transfer curves of Fig.
211. A more accurate derivation of 100 per cent feedback transfer
curves 1s given in Section 117.

To the left of the cut-off points, the transfer curve rises slowly to-
ward the left along a straight line, as in Fig. 212(a). This line cor-
responds to 100 per cent negative feedback; it is practically linear,
but gain is much reduced. The transfer curves of Fig. 211 would, if
continued to the left, merge into such a line.

Polarities in Fig. 210 are for positive feedback with positive direct
current entering the control winding at the top. Negative feedback is
obtained if the control current is reversed. If series feedback is de-
rived as shown in Fig. 210, the feedback current is E,/R,. It is pos-
sible to connect the feedback circuit across the load to obtain voltage
feedback. To conserve power, the feedback resistance should be large
relative to R;,.

114. Bistable Amplifiers. Positive feedback in a magnetic amplifier
can be increased to more than 100 per cent by increasing turns in the
feedback winding. Transfer curves may then become double-valued
and give rise to abrupt load current changes with changing control
current. Such amplifiers are called bistable. In Fig. 209, the effect
of increasing feedback would be to decrease the slope of the feedback
line. Tf the feedback were increased gradually, operation would re-
main stable until the feedback line had the same slope as the transfer
curve. Then the load current would become some indefinite value
along the transfer curve. If the feedback were increased further stable
operation would be had at only one of two values of load current.
Bistability is illustrated in Fig. 212(a). Here a transfer curve similar
to those of Fig. 211 is shown except that it is with load voltage ordi-
nates and expanded N¢I, abscissas. The amount of feedback in excess
of 100 per cent is drawn as line AB with slope less than that of the
main part of the 100 per cent feedback transfer curve. Another line,
CD, is drawn parallel to the line AB. These lines are tangent to the
transfer curve at points A and C. With feedback > 100 per cent, let
d-c¢ control current be decreased from some negative value toward zero.
Load voltage or current follows the transfer curve until it reaches
point A; then it jumps to point B, and further increase of control cur-
rent results in very little load voltage increase beyond point B. If
control current is subsequently reduced, load voltage follows the top
of the transfer curve until it reaches point C; then it drops abruptly
to point D.
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Bistable action is shown in Fig. 212(b) as a function of control
NI/in., with points A, B, C, and D corresponding to those in Fig.
212(a). Line AB in Fig. 212(a) represents feedback ampere-turns
NI, in excess of 100 per cent, which are proportional to E;. ILine AB
extended intersects the axis of abscissas at F’, and CD extended inter-
sects at . Vertical lines erected at A” and F’ intersect the transfer
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Fic. 212. (a) Typical transfer curve, and (b) bistable magnetic amplifier.

curve at A and F, respectively. F’A’ represents ampere-turns NI,
when control ampere-turns N¢lc are at point F. When decreasing
negative N¢le reach value F, the load voltage jumps from A to B.
Points F” and G are projccted downward to Fig. 212(b). In this fig-
ure the output jumps to final value B, but the increase actually takes
place along the dotted line. Decreasing additional feedback N/, re-
duces the differential amount F’G of control N¢oIo and reduces the
width of the bistable loop. Conversely, increasing N,I, widens the
loop and provides a greater margin for variations in N,I; due to volt-
age, temperature, cte. Bistable amplifiers are used in protective and
control cireuits to turn relays or indicators on or off when control
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power varies between narrow limits and the inherent lock-in action is
desirable.

115. Current Transductors. In some countries the term transductor
1s used to denote any magnetic amplifier. Here it denotes a saturable
reactor circuit for measuring direct current. A current transductor is
hardly an amplifier; it is a metering device. A transductor ecircuit
is shown in Fig. 213. It is similar to that of Fig. 210 but with feed-
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Fie. 213. Current transductor circuit.

back windings and a-c¢ load removed. Operation is entirely differ-
ent. Cores are circular or square, and are wound in-and-out toroid-
ally in a manner resembling through-type current transformers. The
heavy d-c bus then may be inserted through the toroid to form a single
turn on each core. In Fig. 213 the d-¢ load windings are shown aid-
ing, and the a-¢ windings bucking; this accomplishes the same core
flux polarities as for Fig. 205. Load direet current is determined by
the load resistance, which is large compared to the reactance of the
transductor. Control circuit impedance multiplied by the turns ratio
is large; magnetization is constrained. It will be recalled from Sec-
tion 110 that, under this condition, even current harmonics cannot
flow. Therefore a-¢ winding current is flat-topped. After this flat-
topped current is rectified, it flows through the ammeter as smooth
direct current.?

At any instant one reactor of the pair is saturated, and the other
unsaturated. On each a-¢ half-cycle the unsaturated reactor main-
tains the output current constant. Total output d-¢ ampere-turns of
course must equal twice the load dircet current at all times. Trans-
ductors are like simple magnetic amplifiers as far as the relations of
load and output currents are concerned. They have been built to
meagure currents of 10,000 amp or more, with good linearity.

! For a description of the current and flux conditions, see “Magnetic Amplifiers,”
by 8. E. Tweedy, Electronic Eng., Febrnary, 1948, p. 38.



MAGNETIC AMPLIFIERS 273

116. Self-Saturated Magnetic Amplifiers. In Section 113 it was
seen that the use of feedback windings greatly increases the gain of a
magnetie amplificr. Several circuits have been devised to provide
the feedback by means of the load cireuit and thus eliminate the extra
feedback winding. Such circuits are termed self-saturating. A
“puilding-block” or elementary self-saturating component is the half-
wave circuit of Fig. 214, from which several magnetic amplifiers may
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(a)

Fis. 214. (¢) Hall-wave self-saturated magnetic amplifier civcuit and (b) load
and rectifier voltage wave shapes.

be formed. Impedance Z in the control circuit prevents short-cireuit-
ing the reactor. It may be the control winding of another reactor in a
practical amplifier. Reetifier RX prevents current flow into the load
in one direction, so that the corc tends to remain in a continually
saturated condition. This condition is modified by negative control
winding NI/in., which opposes the load winding N1/in. and permits
the core to become unsaturated during the portion of the eyele when
there is no load current flowing. The greater the control NI/in., the
less the average output current. Transfer characteristics are similar
to those of Fig. 211. Ideally the circuit has 100 per cent feedback.
Assuming the core to bc saturated at all times with zero control
current, current flows into the load throughout the whole positive half-
cycle and is zero for the whole negative half-cycle. With a given
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value of negative control current, reactor inductance is high at the
start of the positive half-cycle and load current does not build up
appreciably until an angle 6, is reached when the core saturates.
Then it climbs rapidly and causes most of the supply voltage to ap-
pear across the load as shown by the curve marked e, in Fig. 214(b) for
the remainder of the positive half-cycle. As negative control current
increases, so does angle #;. In the limit 8, = 180°; that is, with large
negative control current, virtually no load current flows. The simi-
larity of load voltage wave shape to thyratron action is at once evi-
dent. It has led to the use of the same terminology. Angle 8, is often
called the firing angle of a magnetic amplifier. Load voltage is re-
duced as #; increases, approximately as in Fig. 190. There are some
important differences, too:

(a) Reactor inductance is never infinite, and magnetizing current
is therefore not zero. This means that during the interval 0-6;, a
small current flows into the load. The change in reactor inductance at
the firing instant is not instantancous; the time required for the in-
ductance to change limits the sharpness of load current rise.

(b) Even with tight coupling betwcen control and Joad windings,
the saturated reactor inductance is measurable. This saturated in-
ductance causes the load current to rise with finite slope.

(c) After load voltage reaches its pcak and starts to drop along with
the alternating supply voltage e, core flux continues at saturation
density. An instant a is reached when the load voltage exceeds the
supply voltage. Beyond a, the reactor inductance increases and mag-
netizing current decreases, but at a rate slower than the supply volt-
age because of eddy currents in the core.

(d) After supply voltage e in Fig. 214(b) reaches zero, the reactor
continues to absorb the voltage until the core flux is reset to a value
dependent on the control current, that is, until angle 6, is reached.
Then part of the negative supply voltage rises suddenly across recti-
fier RX as shown by the wave form of eg.

During the interval 0-; the reactor inductance is high and virtually
all the supply voltage appears across it. The voltage time integral

f e di represented by the reactor flux increase during this interval is
equal to fe dt during 7. That is, the energy stored in the core

before the firing instant is given up during the negative half-cycle of
supply voltage.
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Self-saturated magnetic amplifiers have transfer curves similar to
that of Fig. 212(a). A small amount of additional positive feedback
makes them bistable. Negative feedback makes the transfer curve
more linear but reduces the gain. Ordinates and abscissas may be cur-
rent, ampere-turns, or oersteds, as for simple magnetic amplifiers.

117. Hysteresis Loops and Transfer Curves. Several workers have
observed ! that the transfer curves of Fig. 211 are similar in shape to
the left-hand or return trace of the hysteresis loop. There is a con-
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Fi6. 215. Minor loops in rectangular hysteresis loop core material.

nection between the two. In Fig. 21, p. 25, it was shown that in a
core with both a-¢ and d-c magnetization the minor hystercsis loop
follows the back trace of the major loop in the negative or decreasing
B direction, and proceeds along a line with less slope in the positive di-
reetion until it joins the normal permeability curve at B,. Also, it
was pointed out in connection with Fig. 69, p. 94, that, if AB has the
maximum value B,, the result is the banana-shaped figure OB, D’
Here again the loop representing flux excursion O-B,, follows the left-
hand side of the hysteresis loop in the downward or negative direction.
In a rectangular hysteresis loop material with B-H loop shown in
Fig. 215(a), the path traced over a flux excursion BeB; 1s more irregu-
lar in shape but still follows the left-hand trace of the loop. If mag-
netic amplifier cores are biased to a series of reset flux positions B,
to By the corresponding flux excursions and minor loops are those
shown in Fig. 215(b). Usually, the load current far exceeds the con-
trol current necessary to reset the cores, so that these loops actually
have a much longer region over which the loop width is practically

1 See “Self-Saturation in Magnetic Amplifiers,” by W. J. Dornhocfer, Trans.
AIEE, 68, 835 (1949).
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zero, as shown in Fig. 215(¢). This is true of all the loops regardless
of flux excursion.

The foregoing is true of a slowly varying flux excursion, so that the
locus of the lower end points of the minor loops is the left-hand trace
of the d-c hysteresis loop. Most magnetic materials, including rectan-
gular loop materials, have a wider loop when the hysteresis loop is
taken under a-c conditions, because of eddy currents. The difference
between loops is as shown in Fig. 216. The locus of the end points
of the minor Joops under a-c¢ flux excursions is neither the a-c¢ nor the
d-c loop but an intermediate line such as that drawn dot-dash in
Fig. 216. The slope of this line is less than that of either the a-c¢ or
the d-c loop, and the gain of the magnetic amplifier is accordingly
reduced.

An analysis for the self-saturated magnetic amplifier of Fig. 214 (a)
is given below. Load current is assumed to have the same shape as
ey in Fig. 214(b), and the following assumptions are made:

Sinusoidal supply voltage and negligible a-¢ source impedance.
Negligible reactor and rectifier forward voltage R drops.
Negligible rectifier back leakage current.

. Negligible magnetizing current compared to load current.
Negligible saturated inductance.

High control circuit impedance.

. E = 4.44fN¢, X 1078, (113)

ootk w o

-~

This will be recognized as equation 4 (p. 6) with peak flux at saturation
value ¢,. Other terms are listed as follows:

8, = firing angle as in Fig. 214(b).
ll = 01/60.
27 X supply frequency f.
E = rms supply voltage.
¢ = saturation flux = B,A. (for B; see Fig. 215).
A, = core section in cm?.
¢ = reset core flux = Bgd. (for By see Fig. 215).
R; = load resistance.
I,y = average load current.
1 = instantaneous load current.
N = turns in load winding.

w

Under the assumptions, equation 1 becomes

N d
\/§Esinwl=— ¢

— for 0 < wl < wi; (114)
10° dt
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Fra. 216. D-c and a-c B-H loops for grain-oriented nickel steel.

Integrating equation 114 gives

b by
08| Ndg =f V2 E sin wt dt (115)
b0 0
and
wN(d’s - d’O)
DO T 00 ) os w 116
V2 B X 10° el (19

During the interval 8; < wt < =, load voltage is

V2 Esin wt = iRy, (117)
where Ry is the load resistance. This may be integrated to give
wRL L) '
1dl =1 4+ cos wi (118)

V2EJ,

Combining equations 116 and 118 and substituting equation 113,

T/w N
fiM=vm+wxm% (119)
0 RL

The left side of equation 119 is the average load current over the con-
ducting interval m/w — t;. Average load current over the whole cycle is

r NG+ 00 (120

R X 108

Equation 120 has two flux terms: ¢, which is a fixed quantity for a
given core material; and ¢o. The relation between ¢, and control
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current is, as indicated in Fig. 215, the return trace of the major
hysteresis loop. Thus equation 120 states that the average load cur-
rent is the sum of a constant term and a term which has the same shape
as the return tracc of the hysteresis loop. Quantitatively, a self-
saturated half-wave magnetic amplifier has a current transfer curve
the samc as the return trace of the core hysteresis loop, except that
ordinates are multiplied by f4.N/10%R; and are displaced vertically
by an amount fB,A.N/108R;.

Comparison with equation 113 reveals that the ordinate multiplier
and vertical displacecment are E/4.44R; B, and E/4.44R,, respectively.
As noted above, the return trace should be modified to mean the dot-
dash line of Fig. 216.

118. Self-Saturated Magnetic Amplifier Circuits. In Fig. 217 three
single-phase circuits are diagrammed which comprise two of the half-
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Fig. 217. Self-saturated magnetic amplifier circuits.
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wave elements described in the preceding sections. These circuits are
discussed briefly below.

(a) Doubler Circurt. This is really two half-wave circuits working
into a common load. Rectifier polarities are such as to cause a-c
voltage to appear across the load, as in Fig. 218(a). The wave shape
departs somewhat from alternately reversed half-waves. In the
doubler, the reactor which is carrying load current during a given half-
cycle causes a reduction in the resetting voltage, and therefore in the
time rate of resetting flux change of the other reactor. This increases
the output and gain for a given control cur-
rent compared to the half-wave cireuit but
has no effect on current minima at the cut- @
off points (see Fig. 211).

When control circuit resistance RE¢ 1is
large, the control current and associated
magnetizing force are fixed, but, when R
is small, even harmonic currents flow freely _f\_[\
in the control eircuit and influence the ° {b)
wave shape for a given control current
further. Generally, low values of resist-
ance R¢ cause a slight increase in the con-
trol ocrsteds for a given output but vir-
tually no change in slope. In other words, the whole transfer curve
is displaced slightly to the right.

(b) Single-Phase Bridge Circuit. Here two cextra rectifiers isolate
the two reactors at all times, and the wave form is like that of the
half-wave rectifier, except that it occurs twice each cyecle. Load cur-
rent is d-c¢; that is, both reactors produce load current of the same
polarity, as in Fig. 218(b). Because of the isolation of the two re-
actors, the transfer curve closely follows a dot-dash line like that in
Fig. 216 if the core is grain-oriented nickel steel, or a similar line be-
tween a-c and d-c¢ loops for other core material. Control resistance
R, affects output in a manner similar to that mentioned for the
doubler.

(¢) Center-Tap D-C Cwrcurt. Although the reactors are not isolated
in this circuit, load and resetting currents are still the same as for the
bridge circuit, and hence the transfer curve has the same shape, unless
the rectifier reverse currents are appreciable. Then gain is appreciably
reduced.

In all these single-phase eircuits, the load current is twice that of

Fia. 218. Single-phase mag-

netic amplifier output; (a)

a-¢ voltage across load; (b)
d-¢ voltage across load.
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the half-wave circuit. Therefore transfer curves may be predicted
from B-H loops as in Section 117, but ordinates are multiplied by
E/222R.B,, and the vertical displacement is E/2.22R;. From these
multipliers it can be seen that output current is proportional to supply
voltage E, and thcrefore power gain is proportional to E2. In this re-
spect, a self-saturated amplifier contrasts with a simple magnetic
amplifier, the output current of which is nearly independent of E, for
rectangular B-H loop core material. At least this is true below maxi-
mum current, or current flow over a complete half-cycle.
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Fic. 219. Self-saturated magnetic amplifier output; (a) calculated for 500 ohms
from Fig. 216; (b) in actual amplifier,

As an example of the manner in which a transfer curve is found
from the B-H loop, suppose that, in a given self-saturated amplifier,
Fig. 216 is the B-H loop, supply voltage £ = 230 v, R, = 500 ohms,
B, = 14.7 kilogauss. The ordinate multiplier is 230/(2.22 X 500 X
14.7) = 0.0141, and displacement is 230/(2.22 x 500) = 0.207.

Table XV indicates the change in ordinates. The last two columns
of the table are plotted in Fig. 219(a) as load current in milliamperes.
Also indicated is the “normalized” value of unity for maximum output
current. For any load impedance the same calculated transfer curve
can be used, and all ordinates multiplied by E/1.11R,. Abscissas may
be normalized likewise, with cut-off H = —1.0.

Normalized output current at cut-off is Ay = IyR,/E. Cut-off con-
trol current is most accurately found from H corresponding to —B,.
Thisis H = —0.5 in Fig. 216. These relations are, of course, idealized,
but they are still very useful in practical work. For example, winding
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TaerLe XV. DerivaTion ofF TransFer Curve rFrom B-H Loor (Fig. 216)

Load Current,

Vertical TFig. 219(a) (av)

H B 0.0141B Displacement

(oersteds)  (kilogauss) amp (av) (amp) Amp  Normalized

—-0.5 —14.3 —0.202 +0.207 0.005 0.012
—-0.4 —14.0 —0.197 0.207 0.010 0.024
—-0.3 0 0 0.207 0.207 0.500
—-0.15 13.0 0.183 0.207 0.390 0.943
0 14.0 0.197 0.207 0.404 0.975
0.5 14.7 0.207 0.207 0.414 1.000

resistance R and rectifier forward resistance Ry reduce load cur-
rent and output power, but these resistances may be added to the actual
R, arithmetically to obtain total resistance Ry = Ry + Ry + Ry,
Then the transfer curve ordinates are

E(B-H loop ordinates)
lyy = —————— — (121)
2.22R B,
displaced vertically by
E/2.22Ry (122)

Output current and power are reduced somewhat by these inevitable
resistances. This can be verified in Fig. 219(b) which is a plot of
transfer curves for an actual doubler amplifier with £ = 230 v, with
350-, 500-, and 1,000-ohm load rcsistances, and with average load
current X 1.11 as rcad directly on the output meter. The 500-ohm load
resistance curve is approximately the same as Fig. 219(a) ; this means
that R + R = 0.11R, in this particular amplifier. The accuracy of
Fig. 219(a) is evidently poorest at cut-off. Upward slopc at control
currents more negative than cut-off is not shown at all. For the most
practical region, i.e., to the right of cut-off, the calculated curve is
eminently useful.

Additional windings are often used on the reactors for control pur-
poscs. Onc common winding, called a bias winding, carries negative
control current. The funetion of this winding is to maintain low out-
put in the absence of control current. Thus in Fig. 211, with £ = 120,
—5N1/in. of bias magnetizing force keeps the amplifier load NI/in. at
5. Then positive control current raises the load current to the desired
value. Most of the gain is obtained with less than 4+5N1/in. control
magnctizing foree,
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Additional control windings are used for adding or subtracting input
signals. This provides a simple means of combining several control
functions in one magnetic amplifier.

Response time in a self-saturated amplifier is longer than in a simple
amplifier, but the gain per second is much greater. The time con-
stant is

Ti = a,/2f {seconds) (123)

where Ty = time for 63 per cent response to step input
a, = amplifier voltage gain for 1:1 turns ratio
(AEL/AEcY X (N¢/Ny) for any turns ratio
f = supply frequency

AFE; = change in load voltage
AE¢ = change in control voltage

N¢ = turns in control winding

N = turns in load winding.

Il

Equation 123 is valid for 7'; down to approximately 4 eycles minimum.
Although smaller Ty may be obtained, it does not follow equation 123.

Push-pull amplifiers are used to provide a-¢ or d-c output, with the
output polarity dependent on input polarity. A d-¢ push-pull circuit
which senses input polarity is shown in Fig. 220. Bias windings on
each reactor carry current in such directions that amplifier outputs
cancel for E. = 0. For positive E¢, amplifier 1 produces positive E,
and for negative K¢, amplifier 2 produces negative F,. This circuit has
low efficiency, owing to the power dissipated in the balance resistances
R, and R, but has linear output.

It is important, wherever two or more reactors are used together in
magnetic amplifiers, that the reactors be alike in turns and in cores.
Cores are generally selected to “match,” with closely duplicated B-H
characteristies. It is not feasible to compensate core differences in bal-
anced amplifiers by bias adjustments and still obtain linear output.

119. Half-Wave Control of Magnetic Amplifiers. Through atten-
tion to a-c voltages present in the control circuit, Dr. R. A. Ramey
analyzes magnetic amplifiers in a manner which gives rise to new cir-
cuits with desirable properties.? A half-wave building block of such
cireuits is shown in Fig. 221 (a) for a 1:1 turns-ratio reactor. The load
circuit is the same as in the half-wave amplifier of Fig. 214. The con-

18ee “On the Mecchanics of Magnetic Amplifier Operation” and “On the Con-
trol of Magnetic Amplifiers.” by R. A. Ramey, Trans. AIEFE, 70, 1214 and 2124,
respectively.
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trol circuit comprises a-c¢ voltage E and rectifier RX¢ in addition to
variable rectified control voltage e¢ of polarity indicated. A-c volt-
age polarities are for the positive or conducting half-cycle in the load
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Fic. 220. D-c¢ push-pull magnetic amplifier.

circuit. During this half-cycle, RX¢ blocks and the control volt-
age is zero. During the next half-cycle, a-c¢ line voltage E — e¢ ap-
pears across the reactor control coil. If e is zero, the core is not mag-
netized by control current flowing during the positive half-cycle, and
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Fic. 221. Half-wave controlled magnetic amplifiers.

the core is completely reset by E during the negative half-cyele. If
the peak value of e is equal to /2, it appears across the reactor in
opposite phase to the line voltage and completely cancels it during
the resetting half-cycle. This is shown dotted in Fig. 222, with both
voltage waves designated by capital let-
ters. This cancellation results in zero
resetting; therefore full output current
flows over 180° of the positive half-cycle.
If E; = F/2 it subtracts from E, result-
ing in the lower dot-dash line of Fig. 222.
The area under £ — E¢ (shown hatched)
is just half of the area under E and there-
fore equals the hateched area under F dur-
ing the interval 0 to =/2 of the positive
half-cycle. That is, the reactor absorbs
voltage E during the interval 0 to /2 and allows current to flow from
m/2 to =. But this is half of full or maximum output. Thus the out-
put current is;

Fie. 222. Resetting voltages
with half-wave control.

zero for E¢ = 0
146 max for B = E/2

max for E¢ = F

Several advantages accrue from this type of eontrol:

1. Output is proportional to control voltage.
2. Output depends only on control voltage and is independent of
variations in line voltage or frequency.
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3. Time of response is short (2 cycles or less).
4. Filtered d-c source of control power is not necessary.

Proportionality of output to input voltage is strictly true only for
zero control circuit resistance or zero reactor exciting current. The
lower the control circuit resistance and reactor exciting current, the
more nearly is output proportional to input. Rectangular B-H loop
core material is necessary for linearity. Control circuit resistance can
be made small without causing slow response in this circuit. Exciting
current and control circuit resistance give rise to load voltage output
with zero control voltage. Raising control voltage eq restores linearity
of output. With half-wave control, voltage gain 1s more important
than power gain; voltage gain is approximately equal to turns ratio.
Mixing is not so readily accomplished in half-wave control circuits.
Figure 221 (D) shows how two half-wave sections are combined to form
a full-wave bridge circuit with d-c¢ output. This circuit differs from
the circuit of Fig. 217(b) in that the control windings are isolated
from each other by the control circuit rectifiers. Voltage E in the con-
trol circuit is an a-c bias voltage, and e is rectified a-c signal voltage.
Zero output voltage appears across Ky with ¢ = 0. When e¢ is in-
creased, full-wave rectified voltage appears across R;,. The funda-
mental a-c¢ component of this voltage is zero.

120. Magnetic Amplifier Design. Of first concern in design is the
reactor core material. Supermalloy or other high-percentage nickel
allovs are best suited as core material for the low power input stage.
Grain-oriented nickel steel is used in the stages where output power is
appreciable, and grain-oriented silicon steel where power is large.
Figure 223 shows the d-c loops of two grain-oriented core materials,
Hipersil and Orthonik. Although both materials have approximately
rectangular B-H loops, the difference in rectangularity is marked.
Grain-oriented nickel-steel strip sucli as Orthonik is usually wound
into toroids, to insure that the flux flows in the preferred direction.
The toroidal cores are protected from mechanical damage and strain
by encasing them, as in Fig. 224, after the core material is annealed
to preserve the magnetic properties. Grain-oriented silicon-steel cores
are much less sensitive to damage; type C cores may be used, with
coils wound as deseribed in Chapter 2.

In either type of core there is a small inevitable air gap. In a
toroid, the flux must change from one lamination to the next as it
flows around the core. If the insulating space between laminations
is 0.0005 in. and the average core length is 5 in., the effective core gap
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Fic. 223. Typical d-c magnetization curves and hysteresis loops for 2-mil Hipersil
and 2-mil Orthonik toroidal cores.

Fic. 224. Toroidal corc of grain-oriented nickel steel in case, and with top of
case removed.
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is 0.0005/5 = 0.0001 in. This gap is not negligible in high-permeability
core material, but it 1s about one-tenth of the gap that manufacturers
allow in type C cores. Effective core gap requires more control NI/in.
and reduces gain because the gap causes a more sloping B-H loop. Sec
Fig. 242 (p. 310). Special U-shaped punchings of grain-oriented steel
are sometimes used with alternate stacking to reduce the effective core
gap.

Another effect that reduces gain is rectifier “back” resistance, or cur-
rent flow during the part of the negative half-cycle when inverse volt-
age cxists across the diode., The peak value of inverse voltage divided
by the corresponding reverse current is the rectifier back resistance.
For a given peak source voltage 4/2 E, the inverse peak rectifier volt-
age is 24/2 E in the center-tap d-¢ circuit, and it is /2 E in the
bridge circuit, for zero winding and rectifier forward IR drops. In a
doubler amplifier with zero forward drop, inverse peak voltage is zero,
and increases with forward drop up to a maximum of 4/2 E. The re-
verse current corresponding to these voltages resets the core more than
control circuit current with no rectifier reverse current. This causes
transfer characteristic slope to decrease; the unity ordinate of the
normalized transfer curve is displaced to the right by the ratio of re-
verse current to cut-off control current I,. Normal cut-off control
current I and cut-off output current Iy are not affected, becausc I
operates to reduce load current during the positive half-cyele. Good-
quality rectifiers are as important as good core material. This applies
equally well to leakage current and forward current /R drop. Losses
may limit output in rectifiers as well as in reactors. Most of the /2R
loss in windings of sclf-saturated amplifiers is usually in the load
windings. This loss oceurs during the part of the cycle in which load
current flows, or while the core is saturated and core loss 1s zero. I2R
loss is a maximum when 6, = 0 in Fig. 214(b). When 6, = 180°, I?R
loss is negligible and core loss is & maximum,

When the supply frequeney is high, choice of rectifiers is limited to
those with good high-frequency properties. At radio frequencies this
may mean that suitable rectificrs are not available; simple magnetic
amplifiers must then be used. To reduce core loss at high frequencies,
ferrites are used.

Insulation of toroidal coils is difficult to apply. Insulation between
concentric windings is taped in and out like the wire. If voltage is low,
the wire enamel is sufficient insulation. For 115- or 230-volt circuits,
windings are laid on the core progressively, that is, with turns bunched
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so that adjacent turns have but a small a-¢ voltage difference. Insula-
tion difficulties increase with voltage, and high-voltage reactors are
preferably layer wound, with type C or stacked cores.

Induced voltage in control windings requires careful attention, espe-
cially when control current is limited and many control turns are re-
quired. Although fundamental a-c voltage cancels in the control cir-
cuit, the full magnitude of this voltage is induced in the control wind-
ings. In the example of simple magnetic amplifier given in Section
111, the voltage induced in the control windings is 2,500/65 % 100 =
3,850 volts. With layer-wound coils and solventless resin coil impreg-
nation the insulation is readily provided, but it would be difficult with
toroidal coils.

Winding space in a toroid is limited by the minimum practicable hole
size in the finished coil. This varies with the kind of winding ma-
chine and also with the size of toroid. If

d; = hole diameter

ds = core case inside diameter
ds = core case outside diameter
total winding area,

>
I

Ay = (r/H(ds® — d\?) (124)

On the outside of the toroid, the winding builds to a smaller height
than on the inside. Since 4, is fixed by the minimum hole size, the
coil outside diameter is

ds = Vs + (44,,/7) (125)
('oil axial length = Core case height + 24 ,/1, (126)

Mean turn of first winding = Case periphery + 74 /[, (127)

where A, is area occupied by first winding. Equation 127 is approxi-
mate because wire turns tend to become circular after several layers are
wound on the core.

Ezxample. Control Reactors for Single-Phase Rectifier. Assume the following
conditions:

Power supply 400 cycles.

Center-tap d-c circuit per Fig. 217(c).
Control current available = 40 ma d-c.
Plate transformer E = 125 volts per side.
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At full output Iy = 2 amp in R,.
Per cent reduction in E4. = 33 per cent at minimum output.

Assume grain-oriented nickel-steel core with A, = 0.1 sq in., I, = 5.5 in,,
and B; = 14,700 gauss.

Core-case dimensions 114 in. I.D., 2314 in. 0.D., 1945 in. high.

Each reactor must be capable of absorbing the voltage-time integral corre-
spoading to 33 per cent voltage reduction, or 0.33 X 125 = 41 volts. From
equation 34 (p. 83),

3.49 X 41 X 108

L7300 X 0.1 X 14,700 turns

With full output, load winding current = 2r/(2 X 2) = 1.57 amp rms. From
Fig. 219(a) this can be controlled with H = 0.5 oersted

0.5 = 0.5Nclc/!.
Ne = l./I¢c = 5.5/0.04 = 138 turns

This will be increased to 276 turns to allow for rectifier reverse current, varia-
tions in slope of the core B-H loop, and effective core gap. Using 650 cir mils
per ampere, and single enameled wire, yields 1.57 X 650 = 1,020 cir mils or
No. 20 wire for N, and 0.040 X 650 = 26 cir mils or No. 35 wire for N¢. With
an average winding area space factor of 60 per cent, the coil winding areas
required are, from Table V (p. 37), 244/(860 X 0.60) = 0.48 in.? for N, and
276/(24,500 X 0.60) = 0.019 in.2 for N¢. If N¢ turns are wound concentrically
over N, the load winding inside diameter is, from equation 124,

= V/(1.25)? — (4 X 0.48/7) = 0.975 in.

N¢ turns occupy but a single layer. Then, for N¢, di = 0.955 — 2(0.0064)
=094 in. With 10-mil insulation over Ng¢, the hole diameter becomes
0.94 — 0.02 = 0.92 in. Space required to insulate the ends of the windings and
space for additional control windings reduce the hole diameter further.
Winding mean turn lengths are, for a core-case periphery of 1.88 in.,

4
aTy =~ 188+ X048 5 6 in
3.5

MTe = 2.16 + w([0.48/5.5] 4 0.0064 4- 0.020) = 2.44 in.
244 X 2.16 X 103
12,000

276 X 2.44 X 338
Reasistance of control winding = I‘Xlz (E()ﬁx* = 19 ohms

= 0.45 ohms

Resistance of load winding =
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Load winding IR = 0.71 volt. I’R = 1.12 watt.
Control winding IR = 0.76 volt. I?R = 0.0305 watt.

125
'R T X [1 — (0.67)?]
Power gain = — =
ower gain 0.0305 2,050
Time constant = 4 X 276 = (.07 sec

1.11 X 0.76 X 244 X 800

with no external series resistance in the control circuit. With feedback applied
to the control winding, this rectifier can be made self-regulating. If the feed-
back is further refined by comparison with a voltage reference, a stable voltage
regulator results.

121. Magnetic-Amplifier Limitations. Several limitations may affect
the practical usefulness of magnetic amplifiers. Some of these limita-
tions are beneficial in certain applications:

1. Residual output with zero input.

2. When more than one reactor is used in a circuit, reactor cores must
often be matched.

3. Zcro drift. At low input levels (of the order of 102 watt for
toroids of rectangular loop corc material) magnetic amplifiers do not
track because of hysteresis.

4. Amplifiers with feedback or high-gain sclf-saturated amplifiers
are subject to instability when biased to cut-off and may change linear
amplifiers into bistable amplifiers.

5. When the amplifier operates over a wide range of ambient tem-
perature, variations in resistance of the rcactors and rectifiers, and
hysteresis loop width, cause changes in gain, output, and balance.

6. Response time of a magnetic amplifier is a limitation in compari-
son with an electronic amplifier.

7. Variations in supply frequency and voltage cause variations in
gain and output, cspecially with sclf-saturated amplifiers,

8. Whereas the vacuum tube 1s a relatively high-impedance device,
the magnetic amplifier is better adapted to low impedances, where the
turns are fewer.

9. Saturation inductance is greater than the leakage inductance of
the reactor, measured as in a transformer. The B-H curve slope at
B., even with rectangular loop core materials, always gives u greater
than unity at the top. This effect reduces output and gain, and causes
a sloping wave front at the instant of firing.



MAGNETIC AMPLIFIERS 291

Many ingenious circuits have been devised to overcome one or more

of these limitations. For descriptions of these circuits, for refinements

of operation, and for fields of application, the reader is referred to the
bibliography on magnetic amplifiers.



10. PULSE AND VIDEO TRANSFORMERS

122. Square Waves, Square waves or pulses differ from sine waves
in that the front and back sides of the wave are very steep and the top
flat. Such pulses are used in the television and allied techniques to
produce sharp definition of images or signals. A square wave can be
thought of as made up of sine waves of a large number of frequencies
starting with, say, audio frequencies and extending into the medium
r-f range. The response of a transformer to these frequencies deter-

mines the fidelity with which
the square wave is reproduced
(@ by the transformer. Some
l pulses are not square, but have

b
| i ! i , i gloping sides and a round top,

| ’ | like a half-wave rectifier volt-
' ‘ (b) age. Such pulses will not be

, ‘ ! ‘ ! discussed lere, because 1f a
’ 1 | 1 ’

|

) !

—ll-l ] I-l i (¢) it will reproduce a rounded wave
Fic. 225. Square waves differentiated and at least as well.
clipped. Squarc waves can be gener-
ated in several ways: sometimes
from sine waves by driving a tube into the diode region cach cycle. The
plate ecircuit voltage wave form is then different from that of the grid
voltage because the round top of the sine wave has been removed. By
repeating this process (called clipping) in scveral stages, it is possible
to produce very square waves, alternately plus and minus, like those of
Fig. 225(a). If a voltage having such a wave form is applicd across a
capacitor, it causes current to flow in the capacitor only at the vertical
edges, as in Fig. 225(b). If a voltage proportional to this current is
then successively amplified and clipped at the base, it results in the
wave form of Fig. 225(c). Here the negative loops are assumed to be

missing, as they could be after single-side amplification. The wave is
292

t
transformer or circuit is capable
-L of reproducing a squarc wave,

|
|
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again square but of much shorter duration than in Fig. 225(a), and
the interval between pulses greatly exceeds the pulse duration. The
pulse duration is usually referred to as the pulse width, and the fre-
queney at which the pulses oceur is called the repetition rate and is
expressed as pulses per sccond (pps). Common pulse widths lie be-
tween 0.5 and 10 microseconds; the intervals between pulses may be
between 10 and 1,000 times as long as the pulse width. These values are
representative only, and in special cases may be excecded several-fold.
The general wave shape of Fig. 225(c¢), with short pulse duration com-
pared to the interval between pulses, is the main subject of this chap-
ter. The ratio of peak to average voltage or current may be very
high, and the rms values appreciably exceed average in such pulses.

There are two ways in which the response of any circuit to a square
wave can be found. The first of these consists in resolving the pulse
into a large number of sine waves of different frequencies, finding the
response of the circuit to each frequency and summing up these re-
sponses to obtain the total response. This can be formulated by a
Fourier integral, but for most circuits the formulation is easier than
the solution. An approximation to this method is the arbitrary omis-
sion of frequency components having negligible amplitude, and calcula-
tion of the circuit response to the relevant frequencies. This approxi-
mation has two subjective criteria: the number of frequencies to be
retained, and the evaluation of the frequency components for which the
circuit has poor response.

The second method, which will be used here, consists in finding the
transient circuit response to the discontinuities at the frount and trailing
edges of the square wave. Tt is possible to reduce the transformer to a
circuit amenable to transient analvsis, without making any more as-
sumptions than would be necessary for practical design work with
the Fourier method. The transicnt mecthod has the advantage of
giving the total response directly, and it can be plotted as a set of
curves which arc of great convenience to the designer. The major
assumption is that one transient disappears before another begins. 1f
good square wave response is obtained, this assumption is justified.

Analyses are given of the influence of iron-core transformer and
choke characteristies on pulse wave forms. In all these analyses the
transformer or choke is reduced to an equivalent circuit; this circuit
changes for different wave forms, portions of a wave form, and modes
of operation.

Initial conditions, resulting formulas, and plots of the formulas for
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design convenience are given for each case. Formulas may be verified
by the methods of operational calculus.

123. Transformer-Coupled Pulse Amplifiers. The analysis here
given is for a square- or flat-topped pulse impressed upon the trans-
former by some source such as a vacuum tube, a transmission line, or

a b

SOURGE Rg

T T °

Fic. 226. Flat-topped pulse. Fic. 227. Transformer coupling.

even a switch and battery. Such a pulse is shown in Fig. 226, and a
generalized circuit for the amplifier is shown in Fig. 227. The equiva-
lent cireuit for such an amplifier is given in Fig. 228. At least this is
the circuit which applies to the front cdge a of the pulse shown in Fig.
226 as rising abruptly from zero to some steady value E. This change
is sudden, so that the transformer OCL can be considered as presenting
infinite impedance to such a change, and is omitted in Fig. 228. Trans-
former leakage inductance, though, has an appreciable influence and
is shown as inductance L, in Fig. 228. Resistor R, of Fig. 228 repre-

Ry

Fic. 228. Equivalent circuit.

sents the source impedance; transformer winding resistances are gen-
erally negligible compared to the source impedance. Winding capaci-
tances arc shown as C, and C» for the primary and secondary windings,
respectively. The transformer load resistance, or the load resistance
into which the amplifier works, is shown as Rs. All these values are
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referred to the same side of the transformer. Since there are two
capacitance terms C; and C,, it follows that, for any deviation of the
transformer turns ratio from unity, one or the other of these becomes
predominant. Turns ratio and therefore voltage ratio affect these
capacitances, as discussed in Chapter 5; for a step-up transformer, C,
may be neglected, and, for a step-down transformer, C> may be neg-
lected. The discussion here will be confined first to the step-up case.

124. Front-Edge Response. The step-up transformer is illustrated
by Fig. 229. When the front of the wave (Fig. 226) is suddenly im-

S Ry Ls

Ce

—ilil—

Frc. 229. Circuit for step-up transformer.

pressed on the transformer, it is simulated by the closing of switch S.
At this initial instant, voltage e across R is zero, and the current from
battery E is also zcro. This furnishes two initial conditions for equa-
tion 128, which expresses the rate of rise of voltage e from zero to its
final stcady value E, = ER,/(R; + R,):

ER m gl m
o= 2 [1 N <1 NI >e’"z’] (128)
my

_R1+R2 mp — My — M2

where my, mg = —m(l + V1 — 1/k2).

Figure 230 shows the rate of rise of the transformed pulse for B, =
0 and Fig. 231 for B; = R.. In hard-tube modulators, source resist-
ance is comparatively small and approaches B, = 0. Line-type modu-
lators are usually designed so that B, = R..

The scale of abscissas for these curves is not time but percentage
of the time constant T of the transformer. The equation for this time
constant 1s given in Figs. 230 and 231. It is a function of leakage
inductance and of capacitance Cs. The rate of voltage rise is governed
by another factor ki, which is a mecasure of the extent to which the
circuit is damped. The relation of this factor k; and the various con-
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stants of the transformer is given directly in Figs. 230 and 231. The
greater the transformer leakage inductance and distributed capaci-
tance, the slower is the rate of rise, although the effect of By and R» is
important, for they affect the damping factor k;. If a slight amount of

A\ R0

/ 0.8 \ L—]
1.0 T W k = — €
/ 1.0 o ]
pa ] —
| [V ] —
E%: 0.8 / // / =]
/ f1.8 / L1
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0.6 / /// A3 /m = SOURGE RESISTANGE IN OHMS
/ / / //5 Rp=LOAD RESISTANGE IN OHMS
A v4 Lg=LEAKAGE INDUGTANGE IN HENRYS
04 / / C2=EQUIVALENT CAPAGITANCE IN FARADS
o 4 /
/ / T=2TYLsC,
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/
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I T ar 27 5T 3T
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Fic. 230. Influence of transformer constants on front edge of pulse (£, = 0). TFor
equivalent circuit see Fig. 229.

oscillation can be tolerated, the wave rises up faster than if no oscilla-
tion is present. Yet, if the circuit is damped very little, the oscilla-
tion may reach a maximum initial voltage of twice steady-state voltage
E,, and usually such high peaks are objectionable. The values for k;
given in these figures are those which fall within the most practicable
range. Time required for pulse voltage to reach 90 per cent of E, ix
given in Fig. 232.
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Fic. 231. Influence of transformer constants on front edge of pulse (R, = R,).

125. Response at the Top of the Pulse. Once the pulse top is
reached, E, is dependent on the transformer OCL for its maintenance
at this value. If the pulse stayed on indefinitely at the value E,, an
infinite inductance would be required to maintain it so, and of course
this is not practical. There is always a droop at the top of such a pulse.
The equivalent circuit during this time is shown in Fig. 233. Here the
inductance L is the OCL of the transformer, and R; and R, remain the
came as before. Since the rate of voltage change is relatively small
during this period, capacitances 'y and (. disappear. Also, since
leakage inductance usually is small eompared with the OCL, it is neg-
lected. At the beginning of the pulse, the voltage e across R, is assumed
to be at steady value E, which is true if the voltage rise is rapid.
Curves for the top of the wave are shown by Fig. 234. Several curves
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are given; they represent several types of pulse amplifiers ranging from
a pentode in which R, is one-tenth of R, to an amplifier in which load
resistance is infinite and output power is zero. In the latter curve, the

4

I=—4//
0 ) 2k|

TIME TO REACH 90% OF Eq
TRANSFORMER TIME CONSTANT T
)

W
N
()]

Fic. 232. Time required to reach 90 per cent of final voltage.

voltage e has for its initial value the voltage of the source. All the
curves are exponential, having a common point at 0, 1. Abscissas
are the product of time r and R,/L,, time r being the duration of the
pulse between points ¢ and b in
3 R ~__ Fig. 226, The greater the in-
J_—-O ductance L, the less the devia-
tion from constant voltage dur-

— L Ry ¢ ing the pulse.
— 126. Trailing-Edge Response.
T At instant b in Fig. 226, it is as-
- sumed that the switeh S in Fig.
233 is opened suddenly. The
equivalent circuit now reverts
to that shown in Fig. 235, in which L. is the OCL, and Cj is total
capacitance referred to the primary. Figure 235 illustrates the de-
cline of pulse voltage after instant b (Fig. 226), the equation for

which is:

Fic. 233. Circuit for top of pulse.

E,
e=———|[(m + 2am)e ™' — (my + 2Am)e™'] (129)
my, — Mo

where my, my = —m(l + V1 — 1/ks® ), m = V8RCp, and other terms
are defined in Fig. 235. Abscissas are time in terms of the time constant
determined by OCL and capacitance Cp. Ratio k3 on these curves has
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a different meaning, and time constant 7 is greater than in Fig. 230,
but with low capacitance ks is high and the curves with higher values
of kg drop rapidly. The slope of the trailing edge can be kept within
tolerable limits, provided that the capacitance of the transformer is
small enough. Accurate knowledge of this capacitance is therefore im-
portant. Measurement and evaluation of transformer capacitance
should be made as in Chapters 5 and 7.
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Fic. 234. Droop at top of pulse transformer output voltage.

If the transformer has appreciable magnetizing current, the shape
of the trailing edge is changed. The greater the magnetizing current,
the more pronounced the negative voltage backswing. The ordinates
at the left of Fig. 235 are given in terms of the voltage E,, at instant
a, as if there were no droop at the top of the pulse. These curves apply
when there is droop, but then the ordinates should be multiplied by the
fraction of E, to which the voltage has fallen at the end of the pulse.

Magnctizing current at the end of the pulse is

wr = (BEo/mL)(1 — ™) (130)

where m = RyRy/(R; + Ry)L (see Fig. 233)
7 = pulse duration in seconds
L = primary OCL in henrys

Magnetizing current can be expressed as a fraction A of the primary
load current I, or A = 43/1. For any Ry/R; ratio, A = [(By + Rp)/R;]



300 ELECTRONIC TRANSFORMERS AND CIRCUITS

0 0! 02 03 04 05 06 07 08 09 L?

o
°
w»
&
n
N
(4]

n‘——lli‘

0

NN A ]
vt b

k3:5.0 W LS —
k:- 10 1.0

{/
ST T T T

f
|
[l
1
!
!
|
|
|
|
'
rn

all
-~

ol 02 03 04 05 06 07 08 09 IO \

To find »/E4 at any time ¢/T, k3 and A: \
(a) 'Take initial e/E4 for the appropriate ¢/T and k from left-hand \
chart: project this point to the right to obtain intersection with \
A = 0 line. \
by Take second ¢/Eg at the same /T and k3 {rom right-hand \
charl 'Project to the left to obtain intersection with A = 3 line. \
hrough these intersections draw a straight line.
(d) Drop given value of A to intersect this line; project horizon-
tally to obtain actual e/Eq.
Example shown dotted s for k3 = 3.84,1/T = 0.5, and A = 0.256. \
Answer ¢/Eg = —0.21 EQUIV. CIRCUIT
E, = Volis at end oI' pulse —
L. = Primary OCL
Cp = Primary equivalent capacitance
R; = Primary equivalent resistance
VL/Co
2R
T =2V Lo
_ Magnetizing current
- Load current

Le Cp Ry I \

ky =

Fic. 235. Interpolation chart for

X voltage droop at point b (Fig. 226), or
E'/E, =1 — RB1A/(Ry + Ry) (131)

where E, = voltage at point a (Fig. 226), and E’ = voltage at point b.

This equation gives the multiplier for finding the actual trailing-cdge
voltage from the backswing curve parameters in Fig. 235. With in-
creasing values of A the backswing is incrcased, especially for the
damped circuits corresponding to values of ks > 1.0. The same is
also true for lower values of ks, but with diminishing emphasis, so
that in Fig. 235 exciting current has less influence on the oscillatory
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pulse transformer backswing.

backswings. These afford poor reproduction of the original pulse
shape, but oecasionally large backswing amplitudes are useful, as men-
tioned in Seetion 137.

Equation 129 is plotted at the left of Fig. 235 for A = 0, and at the
right of Fig. 235 for A = 3. Instructions are given under Fig. 235
for finding the backswing in terms of E, by interpolation for 0 < A < 3,
and for given values of k3 and ¢/T. This chart eliminates the labor of
solving equation 129 for a given set of cireuit conditions. Elements L.,
Cy, and R, in Fig. 235 sometimes include circuit components in addi-
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tion to the transformer, as will be explained later. For linear resistive
loads, the terms are interchangeable with L and R» of Fig. 233, and
with C of Fig. 229, all referred to the primary winding.

In transformers with oscillatory constants the backswing becomes
positive again on the first oscillation. In some applications this
would appear as a false and undesirable indication of another pulse.
The conditions for no oscillations arc all included in the real values of
the equivalent circuit angular frequency, i.e., by the inequality

1 1
>
4R*Cp* = L.Cp

or
V Le/CD > 2R, (132)

Terms are defined in Fig. 235.

The quantity /L /C, may be regarded as the open-circuit 1mped-
ance of the transformer. Its value must be more than twice the load
resistance (on a 1:1 ratio basis) to prevent oscillations after the trailing
cdge. This requires low distributed capacitance.

Likewise the negative backswing may prove objectionable in certain
apparatus. Certain conditions for avoiding all backswing are those
represented in Fig. 235 by k = 5 and A = 0; these require good corc
material, low exciting current, low distributed capacitance, and a
loaded transformer.

127. Total Response. By means of the curves we can now construet
the pulse shape delivercd to load R.. Suppose that a transformer with
the following properties is required to deliver a flat top pulse of 15
microseconds’ duration.

Primary leakage inductance (secondary

short-circuited) = 1.89 X 10™* henry
Primary open-circuit inductance = 0.1 henry
Primary/secondary turns ratio ¥N,/N, = 1:3
Source resistance R = 800 ohms
T.oad resistance (primary equivalent) Rs = 5,000 ohms
Primary effective capacitance Cy = 148 upf

From the expressions given in Fig. 230
m = 2.34 X 10°
T = 1.8 microseconds

ky = 0.68
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The front of the wave follows a curve between those marked k; = 0.4
and k; = 0.8 in Fig. 230. Value E, is rcached in 0.5T or 0.85 micro-
sceond, and an overshoot of about 10 per cent occurs in 1.2 micro-

scconds.
The top of the wave slopes down to a voltage determined by the

product 7R,/L, = 0.12, and by a curve between those for Ry = « and
R, = 2R in Fig. 234. Voltage E’ at b is evidently 0.95,.
The trailing edge is found from Fig. 235. Herc

T =422 X 107°

V0.1/448 X 10712

B T 2 X 5,000
5,800
~ 800

Load voltage rcaches zero in 0.05T or 2.11 microseconds. The
negative loop has maximuim amplitude of 33 per cent E” at 0.27 or 8.44
microscconds beyond the pulse edge b. The pulse delivered to load
R, is shown in Fig. 236, in terms of £ instead of K,.

= 1.5

X 0.09 = 0.65

v
oae [\ by
3 \-—\ 09E
T
€
ORIGINAL
PULSE

(L]
MICROSECONDS

Fic. 236. Output voltage of pulse transformer.

So far we have assumed that the pulse source is disconnected at t
end of the pulse. In some applications the source remains connecte
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This would result if switch S (Fig. 233) were left closed, and battery E
were short-circuited. Under these conditions the leakage inductance
remains in the circuit, and an additional transient occurs. The tran-
sient has a shape similar to one of the curves of Fig. 231 but is in-
verted and superposcd on the backswing voltage duc to OCL. In the
example just given, this superposed oscillation has an amplitude of 10
per cent of E, with a total result similar to the oscillogram of Fig. 237.
Superposed backswing oscillations are discussed more fully in Scetion
134. Because of the distributed nature of leakage inductance and

[

UWM

Frc. 237. Oscillogram of voltage pulse.

capacitance, higher-frequency superposed oscillations may sometimes
occur even when the load is disconnected at the end of a pulse. By
their very nature, the conditions for these oscillations are difficult to
state with certainty, but if oscillations oceur on the front edge they arc
likely to appear on the trailing edge, superposed on the voltage back-
swing.

128. Step-Down Transformers. The circuits of Figs. 229 and 233
for step-up pulse transforiners are essentially the same as those of
Figs. 107(e) and 107(c), respectively, for audio transformers. T.ow-
frequency response corresponds to the top of the pulse and high-fre-
quency response to the front edge. In step-down pulse transformers
the top is unchanged, but the front edge corresponds to Fig. 113. Step-
down transformer analysis shows that the form of equation is simi-
lar to that for step-up transformers, except that the damping factor
for the sine term is greater by the quantity R./L,8. Also, the dcere-
ment, although still composed of two terms, has the resistances R and
R, in thesc two terms reversed with respect to the corresponding terms
for the step-up transformer. Except for this, the front-cdge curves are
little different in shape from those of step-up transformers. Where
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R; = R, the curves are virtually the samc as in Fig. 231. Pentode
amplifiers, with their constant-current characteristies, can be repre-
sented by the circuit of Fig. 238. Here I is the current entering the
primary winding from the tube, and 1s constant over most of the
voltage range. The transformer is usually step-down for the reasons
of impedance mentioned in Section 70 (Chapter 5). Front-edge re-
sponse of thesc transformers is the same as in Fig. 230 if the rise in
load current ix expressed as a fraction of final current I, and the de-
crement is changed to Ks/2L,. It is reproduced in Fig. 239 with this
change in constants. Flatness of top is approximately that of the
curve Ry = 0.1R, in Fig. 234. Trailing edge is the same as in Fig. 235.

IL
N
[}
o]

Fic. 238. Step-down transformer equivalent circuit.

It is evident that many practical cases are represented by the
figures. If transformer constants are outside the curve values, the
pertinent equation should be plotted to obtain the response.

129. Frequency Response and Wave Shape. Because of the preva-
lent thinking of engincers in terms of frequency response rather than
wave shape, it is sometimes necessary to corrclate the two concepts.
The matter of phase shift enters, for the reason that the relative phase
of the different frequency components affects wave shape. It is some-
times convenient to know whether a transformer, whose frequency
response is known, can deliver a given wave shape. Starting with the
low-frequency response, assume equal source and load resistances; the
upper curve of Fig. 108 (p. 148) applies. This curve shows 90 per cent
of maximum response at the frequency for which Xy/R,; =1. How
does this frequency compare with the reciprocal of the pulse width at
the end of which there is 10 per cent droop in the top of the pulse?
Xn/R; can be written

2afL/Ry =1 or f=R/2xL (133)
Likewise, from the proper curve of Fig. 234, for 10 per cent droop,

Ry /L =02 (134)
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Combining equations 133 and 134 gives f = 0.0318 (1/7), or the trans-
former should be not over 1 db down at a frequency about 14, of the
reciprocal of the pulse width. For example, if a maximum of 10 per
cent droop is desired at 2 microseconds the response should be not

1.6
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Fic. 239. Pentode amplifier front-edge response.

more than —1 db at 0.0318 X 0.5 X 10® = 16 ke. Maximum phase
shift is 27 degrees (from Fig. 131, p. 180), but this is taken into ac-
count in Fig. 234.

Similarly, front-edge steepness can be related to transformer high-
frequency response, which for the case of R; = R, is found in Fig. 109.
The corresponding front-edge curves are found in Fig. 231. Parameter
k, of these curves is related to B in Fig. 109 as follows.
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RVLC VILC

ky = mVLC = oL 4 SRC (for By = Ry)
B = % = %IL at frequency f,
2f, L, L
TR,  RANVIC
o LB (135)
2B 2

From equation 135 we can prepare Table XVI.

TaBLe XVI. PARAMETERS FOR FREQUENCY RESPONSE AND WAVE SHAPE

B ky
1.0 1.0
0.8, 1.25 1.025
0.67, 1.5 1.08
0.5, 2 1.25
0.25, 4 2.125

If a transformer has frequency response according to the curve for
B = 1%, 2 in Fig. 109, its front edge will rise somewhere between
curves for k; = 1 and &y = 1.4 in Fig. 231.

Transformer OCL, leakage inductance, and effective capacitance
must be known to make this comparison, but these quantities are
already known if it is established that the frequency response is given
by Figs. 108 and 109, or the wave shape by Figs. 231 and 234. If con-
ditions other than R; = R, prevail, another set of response curves can
be used, and corresponding approximate relations can be found in the
manner here outlined.

Pulse transformer windings are similar to those in the high-frequency
transformers described in Section 87 (Chapter 7). Resonance fre-
quency f, is determined largely by leakage inductance and winding-to-
winding capacitance. With pulse operation, partial resonances of sec-
tions of a coil, and even turn-to-turn resonance, may appear because
of the steep front edge of voltage impressed on the transformer. If
these resonances cause pronounced oscillations in the output wave
form, larger coil or turn spacings or fewer turns may be necessary to
reduce them.
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130. Core Material. In Chapter 7 it was shown that core per-
meability decreases with frequency, especially at trequencies higher
than audio. Tlis decrease also occurs with short pulse widths. When
a pulse is first applicd to the transformer, there is initially very little
penetration of flux into the core laminations becauxc of eddy currents.
Hence initially only a fraction of the total core ix effective, and the
apparent permeability is less than later in the pulsc, or after the flux
density becomes uniform throughout the laminations.

A typical B-H curve for pulse transformers is shown in Fig. 240.
Flux density builds up in the core in the direction shown by the arrows.

+—— NORMAL
‘ PERMEABILITY

INDUGTION
T~

o] MAGNETIZING FORCE H

Fra. 240. Pulse B-H loops.

For a typical loop such as obced, the slope of the loop (and hence the
permeability) rises gradually to the end of the pulse b which ecorre-
sponds to point b’ in Fig. 236. Since magnetizing current starts de-
creasing at this point, H also starts decrcasing. Cwrrent in the wind-
ings does not decay to zero inunediately but persist= because of wind-
ing capacitance, and sufficient time elapses for permicability to increase.
Therefore, flux density B may also inerease during a short interval
alter point b. The trailing edge of the pulse voltage soon reaches
zero, and this corresponds to point ¢ on the loop. At some interval
later, the maximum backswing amplitude is reached, which corre-
sponds o point d on the loop. At this point the slope or permeability
is several times as great as at point b,

For any number of pulses of varying amplitudes but of the same
width, there are corresponding loops having respective amplitudes ec.
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A curve drawn through point b of each loop is called the normal per-
meability curve, and this is ordinarily given as the permeability curve
for the material. The permeability u for a short pulse width is less
than the 60-cycle or d-c permeability for the same material. Values of
pulse permeability for 2-mil grain-oriented steel are given in Fig. 241.
The permeability values include the irreducible small gap which exists
in type C cores; the cores on which the measurements were made had
a ratio of gap to core length [,/l; =~ 0.0003, but the data are not criti-
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F16. 241. Effective permeability versus pulse width.

cally dependent on this ratio. The effect of penetration time is clear.

Flux densities attained in pulse transforners mayv be low for small
units where very little source power is available, or they may be high
(several thousand gauss) in high power units. This is true whether
the pulse width is a few microseconds or 1,000 microseconds.

The nickel-iron alloys in general have lower saturation densities, but
higher permeabilities below saturation than either grain-oriented or
ordinary silicon steel. Depending on the flux density chosen, the in-
creasc of permeability with the use of a nickel-iron alloy may vary
from zero to 300 per cent. This increase holds also for long-time
pulses, during which permeability may approach the 60-cycle value.

In order to overcome the net d-¢ pulse magnetization which is in the
same direction throughout each pulge, an air gap may be inserted in
the core to prevent it from returning only to the residual magnetisin
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value B, at the end of each pulse, and thereby limiting its useful pulse
flux density range AB to the difference between maximum flux density
B,, and residual B, (see Fig. 242). This gap increases the effective
length of the magnetic path and reduces OCL from the value it has
with symmetrical magnetization. The reduction is less with core mate-
rials of low permeability. 'To maintain the advantage of high per-
meability in nickel-iron alloys, the core is “reset.” This is done by

’,—;- - Bm
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AB WITHOUT / / GAP
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Fic. 242, Flux density range in pulse transformer cores.

arranging the circuit so that, during the period of backswing, sufficient
negative current flows through the windings to overcome coercive force
H, and drop the flux density to the negative value of residual mag-
netism. Then nearly twice the previous maximum flux density (AB’
in Fig. 242) is available for the pulse. Where resetting is possible,
it is advantageous to use nickel-iron alloys; where resetting is not
practicable, grain-oriented silicon steel is preferable.

131. Windings and Insulation. Pulse transformers generally have
single-layer concentric windings with solid insulation between sections.
For high load impedance, a single section each for primary and second-
ary as in Fig. 166 is favorable, as the effective capacitance is lowest.
For low load impedance, more interleaving is used to reduce leakage
inductance. To reduce capacitance to a minimum, pie-section co-
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axial windings may be used. In these, coil capacitance is kept low by
the use of universal windings, and intersection capacitance between
windings is low because the dielectric is air. Such coils are more diffi-
cult to wind, require more space, and therefore are used only when
necessary.

Coil sections can be wound with the same polarity as in Fig. 166
(p. 219) or with one winding reversed. Effective capacitance between
P and S is given below for three turns ratios. Capacitance is based on
100 ppf measurable capacitance.

Turns Ratio Effective Capacitance Referred to Primary
N1/Ns Same Polarity Reversed Polarity
1:5 533 1200
1:1 0 133
5:1 21 48

From this it can be seen that the polarity exemplified in Fig. 166 is
preferable for reducing effective capacitance, but that the percentage
difference is greatest for turns ratios near unity and less as the ratio
increases.

Attention to the insulation so far has centered around capacitance.
The insulation also must withstand the voltage stress to which it is
subjected. It can be graded to reduce the space required. Low-ire-
quency practice is adequate for both insulation thickness and end-turn
clearances.

Small size is achieved by the use of solventless varnish. Small size
with consequent low capacitance and low loss results in higher prac-
ticable impedance values and shorter pulses.

In order to utilize space as much as possible, or to reduce space for
a given rating, core-type construction is often used. Low capacitance
between high-voltage coils is possible in such designs. It is advan-
tageous in reducing space to split the secondary winding into non-
symmetrical sections. Although the leakage inductance is higher with
non-symmetrical windings, there is less distributed capacitance when
the high-voltage winding has the smaller length. Lower capacitance
obtains with two coils than with a shell-type transformer of the same
interleaving. In core-type transformers high-voltage windings are the
outer sections. It is preferable to locate terminals or leads in the coil
directly over the windings in order to maintain margins. Insulating
barriers may be located at the ends of the windings to increase creep-
age paths.
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Autotransformers, when they can be used, afford opportunity for
space saving, because there are fewer total turns uand less winding
space is needed. Less leakage inductance results, hut not necessarily
lcss capacitance; this always depends on the voltage gradients.

Initial distribution of voltage at the front edge of & pulse is not uni-
form because of turn-to-turn and winding-to-winding capacitance. In
a single-layer coil the total turn-to-turn capacitance is small compared
to the winding-to-ground capacitance, because the turn capacitances
add in series but the ground or core capacitances add in shunt. There-
fore a steep wave of voltage impressed across the winding sends cur-
rent to ground from the first few turns, leaving lexs voltage and less
current for the remaining turns. Initially, most of the pulse voltage
appears across the first few turns.

After a short interval of time, some of the current flows into the
remaining turns inductively. Before long the capacitive voltage dis-
tribution disappears, all the current flows through all the turns, and
the voltage per turn becomes uniform. This condition applies to most
of the top of a pulse. Between initial and final current distribution,
oscillations due to leakage inductance and winding capacitance may
appear which extend the initially high voltage per turn from the first
few turns into some of the remaining turns.

Winding capacitance to ground is evenly distributed along the wind-
ing of a single coil, and so is the turn-to-turn capacitance. If a rec-
tangular pulse ¥ is applied to one end of such a winding, and the other
end is grounded, the maximum initial voltage gradient is?

ol
— coth a
N

where N = number of turns in winding
a=vVeC,/C,
C, = capacitance of winding to ground
C, = capacitance across winding
= turn-to-turn capacitance/N.

Practical values of « are large, and coth « approaches unity. Then

Maximum gradient ~ aE/N (136)

1 For the development of this expression see “Surge Phenomena,” British Elec-
trical and Allied Industries Research Association, 1941, pp. 223-226.
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or the maximum initial voltage per turn is approximately « times the
final or average voltage per turn.

If the other end of the winding is open instead of grounded, equation
136 still governs, This means that maximum gradient is independent
of load. If there is a winding N; between the pulsed winding N, and
ground, o depends on C;_y and C; in series. The initial voltage in
winding N, is?

EC)

Cio+ Gy

where E, = initial voltage in winding ¥,
F = pulse voltage applied across Ny
('i_2 = capacitance between N, and N,
C; = capacitance between N| and core.

E, (137)

Thus the initial voltage in winding V is independent of the transformer
turns ratio. It ig higher than the voltage which would appear in N, if
N, were pulsed, because then current would flow from N; to ground
without any intervening winding. If winding N, is the low-voltage
winding (usually true), applying pulses to it stresses turn insulation
less than if N, is pulsed.

Reinforcing the end turns of a pulsed winding to withstand better
the pulse voltages is of doubtful value, because the additional insula-
tion increases a and the initial gradient in the end turns. Increasing
insulation throughout the winding is more beneficial, for although « is
increased the remaining turns can withstand the oscillations better as
inductance becomes effective. Decrecasing winding-to-core capacitance
is better yet, for then a decreases and initial voltage gradient is more
uniform.

132. Efficiency. Circuit cfficiency should be distinguished from
transformer cfficiency. Magnetization current represents a loss in
efficieney, but it may be returned to the circuit after the pulsc. Circuit
efficiency may be estimated by comparing the area of the actual wave
shape across the load to that impressed upon the transformier; it in-
cludes the loss in source resistor By (Fig. 233). Except for this Joss,
the circuit and transformer efficiency arc the same when the source is
cut off at the end of the pulse. It is important in testing for losses to
use the proper eireuit.

Core loss can be expressed in watt-seconds per pound per pulse. A
convenient way to measure core loss is to usc a calorimeter. The trans-

1 See “Surge Phenomena,” pp. 227-281.
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former is located in the calorimeter, and the necessary connections are
made by through-type insulators. Dielectrie loss is included in such a
measurement. It is appreciable only in high-voltage transformers, and
may be separated from the iron loss by first measuring the loss of the
complete transformer and then repeating the test with the high-volt-
age winding removed. At 6,000 gauss and 2 microscconds pulse width,
the loss for 2-mil grain-oriented steel is approximately 6,000 watts per
pound, or 0.012 watt-second per pound per pulse. For square pulses,
core loss varies (a) as B? or E? for constant pulsc width and (b) as
pulse width, for constant voltage and duty +f, where = is the pulse
width and f is the repetition rate. Dielectric loss is independent of
pulse width and varies (a) as the repetition rate, for constant voltage,
and (b) as E? for constant repetition rate.

Copper loss is usually negligible because of the comparatively few
turns required for a given rating if a wire size somewhere near normal
for the rms current is used. If the windings are used to carry other
current, such as magnetron filament current, the copper loss may be
appreciable but this is a circuit loss.

Efficiencies of over 90 per cent are common in pulse transformers,
and with high-permeability materials over 95 per ccnt may be ob-
tained. These figures are for pulse power of 100 kw or more. Maxi-
mum efficiency occurs when the iron and dielectric losses are equal.

133. Non-Linear Loads. The role played by leakage inductance and
distributed capacitance in determining pulse shape has been mentioned
in Sections 124 and 126. Tt has been shown that the first effect is a
more or less gradual slope on the front edge of the pulse, and that the
second effect consists of oscillations superposed upon the voltage back-
swing following the cessation of the pulse. Consider the additional
influence of non-linear loads upon the first effect, that is, upon the
pulse front edge.

Figure 230 is based on the following assumptions:

(a) Load and source impedances are linear.
(b) Leakage inductance can be regarded as “lumped.”
(¢) Winding capacitance can be regarded as “lumped.”

Assumptions (b) and (¢) are approximately justificd. Pulses effec-
tively cause the coils to operate beyond natural resonance, like the
higher-frequency operation of r-f coils in Section 97 (Chapter 7).
The distributed naturc of capacitance and leakage inductance, as well
as partial coil resonance, may cause superposed oscillations which re-
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quire correction. But the general outline of output pulse shape is
determined by low-frequency leakage inductance and capacitance.

Assumption (a) may be a serious source of error, for load impedances
are often non-lincar. Examples are triodes, magnetrons, or grid cir-
cuits driven by pulse transformers. In a non-linear load with current
flowing into the load at a compara-
tively constant voltage, the problem
is chiefly that of current pulse shape.
First assume that no current flows
into this load for such time as it
takes to reach steady voltage E.
During this first interval, the trans-
former is unloaded except for its
own losses, and is oscillatory. After ' |
voltage K is reached, the current |
riscs rapidly at first and then more e |
slowly, as determined by the new
load R,. The sudden application of
load at voltage E damps out the os-
cillations which would exist without
this load, and furnishes two condi-
tions for finding the initial current. iz
A rigorous solution of the problem
involves overlapping transients and
is complicated.

The problem can be simplified by
assuming that the voltage pulse to tr ts
has a flat top £. When the pulse
voltage reaches FE, capacitance C» Fic 243. Non-linear load voltage
ccases to draw current. At the in- and current pulse shapes.
stant ¢, (Fig. 243) when voltage E
is first reached, the current in L, which was drawn by capacitance (',
flows immediately into the load. Also since the voltage was rising
rapidly at instant t,, the energy which would have resulted in the first
positive voltage loop (shown shaded in Fig. 243) must be dissipated
in the load. The remaining oscillations also are damped. Prior to the
time t,, all the current through L, flowed into (",. The value of this
current is Cs de/dt. Therefore we may find the slope of the appro-
priate front-edge voltage curve and multiply by the transformer ca-
pacitance to obtain the initial current. Unloaded transformer front
edge means small k; in Figs. 230 and 231. The front-edge slope at

-+
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voltage E is given in Fig. 244, the ordinates of which ure (T de/F) /dt,
with E corresponding to the E, of Fig. 230. Ordinates of Fig. 244 are
multiplied by C3E/T to find the initial load current.

Few non-linear loads have absolutely zero current up to the time
that voltage E is reached, and the foregoing assumptions are thus
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I'16. 244. Front-edge slope of pulse transformer.

approximate. In spite of this, the following procedure gives fair
aceuracy.

(a) Find the initial capacitance current as just outlined.

(b) Estimate the current at which the load e-i curve departs from a
straight line (z;, in Fig. 243).

(¢} Add currents (a) and (b). This gives 7; (Fie. 243), as the total
initial current.

Pulse current continues to rise beyond the value /. it the initial cur-
rent value just found is less than the final operating current correspond-
ing to the voltage E; it will droop if the initial current is higher than
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the load current at voltage E. To obtain constant current over the
greater part of the pulse width, 7s should equal the load current at volt-
age E. When this equality does not exist, the rate of rise or droop is
determined by transformer leakage inductance, source inipedance, and
load resistance. Where the mode of operation depends upon the rate
of voltage rise, as it does in some magnetrons, the initial current may
drop off to nearly zero before the main current pulse starts. When
there is negligible initial current ¢;, the condition for a good current
pulse is E /i, =~ \/ Ls/Cy, where L, is the leakage inductance.

At the end of the pulse, when the source voltage is reduced to zero
{(point b, Fig. 226), the circuit reverts to that shown on Fig. 235, but
the transformer loses all the load except its own losses. Since by this
time it has drawn exciting current, the higher values of A in the back-
swing curves apply. Backswing amplitudes with non-linear loads are
complicated and can be predicted only approximately. A procedure
for line-type pulsers is given in Chapter 11.

134, Design of Pulse Transformers. (A) Requirements. The per-
formance of a pulse transformer is usually specified by the following:

(a) Pulse voltage. {f) Slope of front.
(b) Voltage ratio. {(¢) Droop on top.
(¢) Pulse duration. (k) Amount of backswing
{d) Repetition rate. permissible.
(e} Power or impedance level. {7 Twvpe of load.

Design data for insuring that these requirements are met are pro-
vided in the foregoing sections, in several sets of curves. Below are
outlined the steps followed in utilizing these curves for design purposes.

(B) Start of Design. The first step in beginning a design is to choose
a core. It is helpful if some previous design existz which is close in
rating to the transformer about to be designed.

After choosing the core to be used, the designer must next figure the
number of turns. In pulse transformers intended for high voltages, the
limiting factor is usually flux density. If so, the number of turns may
be derived as follows, for unidirectional pulses:

N d¢

dB
e=——X10%=NA4.—- X 107°
dt dt

fe dt = NA[de X 107° (138)
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For a square wave, ¢ = F and

Er = NA,B X 10—#
or
. Er X 108

6.45B4 (139)

where £ = pulse voltage
7 = pulse duration in seconds
B = allowable flux density in gauss
A. = core section in square inches
N = number of turns.

In many designs, the amount of droop or the back=wing which can be
tolerated at the end of the pulse determines the nuunber of turns, be-
cause of their relation to the OCL of the transformer.

After the turns are determined, appropriate winding interleaving
should be estimated and the leakage inductance and capacitance cal-
culated.

With the leakage inductance and winding capacitance estimated,
the front-end performanece for linear loads ¢an be found from Figs. 230
and 231. Likewise, from OCL and winding capacitance, the shapes of
the top and trailing edge are found in Figs. 234 and 235. If perform-
ance from these curves is satisfactory and the coil fits the core, the
design 1s completed.

(C) Final Calculations. Preliminary calculations may show too
much slope on the front edge of the pulse (as often happens with new
designs). Two damping factors R,/2L, and 1/2R.( - contribute to the
front-cdge slope, and the preliminary calculations show which one is
preponderant. Sometimes it is possible to increase leakage inductance
or capacitance without inercasing time constant 7' e¢reatly, and this
may be utilized in decreasing the slope.

If the front-edge slope is still too much after these adjustments, the
core chosen is probably inadequate. Small core dimcensions are desir-
able for low leakage inductance and winding capacitance. Small core
area A, may require too many turns to fit the core. These two con-
siderations work against each other, so that the right choice of core is
a problem in any design.

If the caleculated front-edge slope is nearly good cnough it may be
improved by one of the following means:
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(a) Change number of turns. (d) Increase insulation thickness.
(b) Reduce core size. (e) Reduce insulation dielectric
{c¢) Change interleaving,. constant.

High capacitance is a common cause of poor performance and items
(b) to (e) may often be changed to decrease the capacitance. 1t is
sometimes possible to rearrange the circuit to better advantage and
thereby make a deficient transformer acceptable. One illustration of
this is the termination of a transmission line. Line termination re-
sistance may be placed either on the primary or secondary side. If it
is placed on the primary side there is usually a much improved front
edge. Figure 231 does not show this improvement inasmuch as it was
plotted for Fig. 229. For resistance on the primary side, the damping
factor reduces to the single term

RiR,
€=
2(Ry + RE»)Ls

Improvement of the trailing-edge performance usually accompanies
improvement of the front edge.

Core permeability is important because it requires fewer turns to
obtain the necessary OCL with high-permeability core material. Per-
meability at the beginning of the trailing edge (point &, Fig. 236) is
most important, for two reasons: the droop at this point depends on
the OCL, so that for a given amount of droop the turns on the core are
fixed; also, the normal permeability data apply to such points as b".
Flux density is chosen with two aims: it should be as high as possible
for small size, but not so high as to result in excessive magnetizing cur-
rent and backswing voltage.

(140)

(D) Ezample. Assume that the performance requirements are:

Pulse voltage ratio 2,000:10,000 volts.

Pulse duration 2 microseconds.

Pulse repetition rate 1,000 per second.

Impedance ratio 50:1,250 ohms (linear).

To rise to 90 per cent of final voltage in 14 microsecond or less.
Droop not to exceed 10 per cent in 2 microseconds.

Backswing amplitude not to exceed 60 per cent of pulse voltage.
50-ohm source.

The final design has the following:

Primary turns = 20.
Secondary turns = 100.
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Core: 2-mil silicon steel with 1-mil gap per leg.

Core area = 0.55 sq in.

Core length = 6.3 in. ({,/I. = 0.0003).

Core weight 0.75 1b, window 3¢ in. X 126 in.

Primary leakage inductance = 2 microhenryvs.

Effective primary capacitance = 1,800 upuf.

No-load loss equivalent to 400 ohms (referred to primary).
10,000 X 2 X 107

X 22 T 5600 gauss.
645 X 100 X 0.55 000 sauss

At 2 microseconds and B = 5,600 u = 600.
3.2 X 400 X 0.55 X 10~

Flux density =

imary OCL = A = 550 ph.
Primary 0C 0.002 + (6.3/600) 0 p
Front-edge performance is figured as follows:
R, I 50 X 108 108
me=— 4~ =T T KX 1D
™= o1,V omacy i Torxis” MX

T = 6.28 X 10754/2 X 0.0018 = 0.375 microsccond
= 1.08
According to Fig. 231, this value of & gives 90 per cent of £, in 0.357 or 0.131

microsecond.
The top is figured at

TR 2 X 50 X 10~¢
L, 550 X 10~

= 0.18

and from the curve B, = R, in Fig. 234, the top droops 9 per cent.
The magnetizing current is

(R1 4+ Rs)/Ry X 9 per cent or 18 per cent of the Joad current

For the backswing
108

=0l x g - 2o x10

m

T = 6.28 X 10-°4/550 X 0.0018 = 6 microseconds
k=52

From Fig. 235, the backswing is 20 per cent of E,. If the load resistance is
connected to the transformer when the pulse voltage is removed, the backswing
superposed oscillation has the same & (1.08) as the front edge, that is, there is
no oscillation and the total backswing voltage is 20 per cent of E..

Suppose the load were non-linear; the voltage would rise up to E within 47T
or 0.094 microsecond. The front edge
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50 X 108 108 6
m = 1 08 X 18 13.2 X 10
and
k=038
From Fig. 244,
T de
—— =04
5 d 044

The secondary effective capacitance is 1,800/25 = 72 puf and the initial load
current is

de 72 X 0.44 X 10,000
Ca = osmsxie " O8tamp

Final load current is 10,000/1,250 = 8 amp, and current is non-uniform dur-
ing the pulse. The backswing is calculated in Chapter 11,
Secondary current is 8 amp, The rms value of this current is, from Table I

(p. 16),

and the primary current is 5 X 0.36 = 1.8 amp. The wire insulation must
withstand 10,000 <+ 100 = 100 volts per turn, and with single-layer windings
this normally requires at least 0.0014 in. of covering insulation. Heavy enamel
wire, No. 28, has a margin of insulation over this value. This is further modi-
fied by the initial non-uniform voltage distribution as figured below. A sectional
view of a two-coil design is shown in Fig. 245, with No. 28 heavy enamel wire

TO SECONDARY
LEAD HV 060

r<—%"~>| /,oso MICA
.030
TO PULSE
: 3 SOURCE
" 2
XX L XX
18
GCORE
-
5" ' 030
16 060 ( MICA
.045

Fia. 245. Section of pulse transformer.
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in the secondary and No. 22, wound two in parallel to occupy the form fully,
in the primary. The core section is 3{ in. by 34 in. The primary turn length
is 3.75 in. and that of the secondary is 4.13 in. Primary and secondary d-c
resistances are 0.05 and 2.3 ohms, and the respective copper losses are

(1.8)% X 0.05 = 0.162
(0.36)2 X 2.3 = 0.3

Total = 0462

The no-load loss is [(2,000)2/400] X 1,000 X 2 X 10~% = 20 watts. Copper
loss is therefore of little significance.

From the coil dimensions and insulation thicknesses we can figure the capac-
itances. The total winding traverse for both coils is 1.875 in. The primary-to-
core capacitance is

0.225 X 3.75 X 1.875 X 5

= 264 ppl
0.030 264 pu
and the secondary-to-primary capacitance is
2 . .
0 25)(413)(1875)(5:145##‘

0.060

so that these two capacitances in series are 94 uuf. Seccondary turn-to-turn
capacitance is, approximately,
0.225 X 4.13 X 0.0126 X 3
0.0019

= 18.4

or
Cyp = 0.184

a is therefore V' 94/0.184 = 22.5, and the wire enamel initially must withstand
2,250 volts per turn.
Figure 246 is a photograph of the transformer with Fosterite-treated coils.

135. Testing Technique. Tests for open circuits, short cireuits, turns
ratio, and d-c resistance are made on pulse transformers in the same
manner as in other transformers. The instruments used must be suit-
able for the low values of inductance encountered, but otherwise no
special precautions are necessary. Usually the d-c resistance is some-
what lower than the winding resistance during most of the pulse, but
even the latter value is so low that it causes no significant part of the
transformer loss. Losses are measured as described in Section 132.

Various methods have been used to check effcctive pulse OCL.
These may involve substitution of known inductances, or current
build-up, or decay, depending on the time constant of the transformer
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inductance and an external known resistance. When such measure-
ments are attempted under pulse conditions, there is usually a certain
amount of error due to reflections, incidental capacitance, and the like.
A method involving the measurement of pulse permeability and cal-
culation by the OCL formula is given here.

If the air gap and pulse permeability are known, the OCL for a given
core area and number of turns can be calculated. If the gap used is

Fic. 246. Pulse transformer with coils of Fig. 245.

purposely made large to reduce saturation, proper allowance for it can
be made in equation 38 (p. 97). If the gap is the minimum obtainable,
it is necessarily included in the permeability measurement, but this is
often done in taking pulse permeability data, as it was in the data of
Fig. 241. With this definition of permeability equation 38 reduces to

OCL = (3.2uN%4 X 107%)/1, (141)

Equation 141 is valid only when l,/p > [,

B-H data for a pulse transformer are taken by means of a circuit
similar to that of Fig. 247. Primary current flowing through small
resistor f£; gives a horizontal deflection on the oscilloscope propor-
tional to I and therefore I for a given core. R; should be low enough
in ohmic value not to influence the magnetizing current wave form
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appreciably. 1If the voltage drop across a high-resistance load R,
(= 50 times normal pulse load) is almost the entire sccondary volt-
age es, then voltage e, applied to the vertical plates is the time in-
tegral of e, and is therefore proportional to flux density at any instant.
(Sec equation 138.)

Short leads and the reduction of incidental capacitance are essential
to obtain accurate measurements. Distributed capacitance of the
winding, shown dotted, should be minimized, as it introduces extranc-
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F1a. 247, B-H test for pulse transformers.

ous current into the measurement of H. One way to minimize this
capacitance is to omit the high-voltage winding, and make all meas-
urements from the low-voltage low-capacitance coil only.

The pulse source should be the kind for which the transformer is to
be used. If it must be loaded to obtain proper pulse shape, a diode
may be used to prevent hackswing discharge through this load and
therefore a reset core, unless reset core data are desired. Difficulty
may be experienced in seeing the B-H loops of pulzes having a low
ratio of time on to time off because of the poor spot brilliance, unless
an intensifier is used to brighten the trace.

With a calibrated oscilloscope it is possible to deterntine the slope of
the dotted line ob in Fig. 247, drawn between the oricin and the end of
the pulsc, and representing effective permeability x at instant b, Fig.
226. This value of w can be inserted in equation 141 to find OCL.
Cores failing to meet the OCL should first be examined for air gap.

Effective values of leakage inductance and capacitance are difficult
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to measure. The calculations of capacitunce and leakage inductance
are based on the assumption of “lumped” values, the validity of which
can be checked by observing the oscillations in an unloaded trans-
former when pulse voltage is applied. The frequency and amplitude
of these oscillations should agree with those calculated from the leak-
age inductance and effective capacitance. The pulse source should be

B8

[
[
/

<
¢

]
Fic. 248. Transformer constants may be found from pulse shape.

chosen for the squareness of its output pulse. Because of the light
load, the transformer usually will be oscillatory, and produce a second-
ary pulse shape of the kind shown in Fig. 248. In this figure, the dot-
dash line is that of the impressed pulse and the solid curve is the
resulting transformer output voltage. This curve is observed by con-
necting the vertical plates of a synchroscope (oscilloscope with syn-
chronized sweep) across the transformer output winding.

The first check of leakage Ly and C» is made by finding the time con-
stant T from

T = 22V L,Cs

This tliine constant can be related to the time interval f,—t, in Fig.
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248 by consulting Fig. 230. Formulas in this figure can be used for
finding values of parameter k; using L, C2, source resistance E, and
load resistance K. This load resistance will be that corresponding to
transformer losses only; hence R,  R; for a pulsc source with plenty
of power, and

\ Ls/02

& 2R,
With this value of kj, the increase or overshoot of the first voltage
oscillation over the flat top value E may be found from Fig. 230, and
may be compared with that observed in the test. When the load is
resistive, or when the voltage pulse is the criterion of pulse shape,
these are the only checks that need to he made on lcakage inductance
and distributed capacitance.

When the load is a magnetron, triode, blocking oscillator, grid cir-
cuit, or other non-linear load, the shape of the current pulse is impor-
tant. Ordinarily the current will not build up appreciably before
time ¢, in Fig. 248. The shape of this current pulse and sometimes the
operation of the load arc determined to a large extent by slope AB of
the no-load voltage at time ¢,. This time is the instant when the first
oscillation crosses the horizontal line E in Fig. 248. As indicated in
Fig. 244, there 1s a relationship between this slope and the parameter
k1. If the slope AB is confirmed, correct current pulse shape is also
assured.

Insulation can be tested in one of two ways, depending on whether
the insulation and margins are the same throughout the winding or
whether the insulation is graded to suit the voltage. In the former
casc an equivalent 60-cycle peak voltage, applied from winding to
ground at the regular 60-cycle insulation level, i~ xufficient. But, if
the winding is graded, this cannot be done because the voltage must
be applied across the winding and there is not suffictent OCL to support
low-frequency induced voltage; hence a pulse voltage of greater than
normal magnitude must be applied across the winding. Adequate
margins support a voltage of the order of twice normal without insula-
tion failure.

Such pulse testing also stresses the windings as in regular operation,
including the non-uniform distribution of voltage gradient throughout
the winding. The higher-voltage test ought to be done at a shorter
pulse width so that saturation does not set in. Tn cases of saturation,
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the voltage backswing is likely to exceed the pulse voltage of normal
polarity and thus subject the insulation to an excessive test. This
backswing may be purposely used to obtain higher voltage than the
equipment can provide, but it must be carefully controlled. Corona
tests are sometimes used in place of insulation tests, and this can be
done, where the insulation is not graded, by using a 60-cycle voltage
and a sensitive receiver to pick up the corona noise. With graded
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Fi16. 249. Pulse amplifier with oscilloscope connections.

insulation a high frequency must be used. The method becomes too
difficult to usc because the receiver may pick up part of the high-fre-
quency power emitted from the transmitter, or the transmitter parts
may generate a certain amount of corona which is more troublesome
than at 60 cycles.

In pulse amplifiers, the mode of operation of the tubes and circuit
elements is important. A round irregular pulse may be changed by
grid saturation, or by non-linear loading of some other sort, into a
practically square wave pulse. It may take several stages of amplifi-
cation to do this in certain instances, and a transformer may be used
at each stage. Often the function of the transformer is to invert the
pulse for each stage; that is, the transformer changes it from a nega-
tive pulse at the plate of one stage to a positive pulse on the grid of
the next. Polarity is therefore important and should be checked dur-
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ing the turns-ratio test. If the transformer fails to deliver the proper
shape of pulse, it may be deficient in one of the properties for which
tests are mentioned above. Figure 249 shows a pulse amplifier with
normal pulse shapes for each stage. Checking each stage at the points
indicated, without spoiling the pulse shape by the measuring appara-
tus, requires attention to circuit impedance, stray capacitance, cable
termination, and lead length.



11. PULSE CIRCUITS

Pulse generation and utilization require the use of various non-
sinusoidal devices. Formation of pulses from sine waves was men-
tioned briefly in Chapter 10. In the following sections, other meth-
ods of forming and using pulses are described.

136. Blocking Oscillators. Blocking oscillators are used to obtain
pulses at certain repetition rates. The pulsc may be used to drive a

LOAD T0
WINDING LOAD
GRID
GRID >
DAMPING WINDING
RES.
+8
ANODE
WINDING
G6RID 1 cro
LEAK T Bias
CONDENSER
OSCILLATOR
TUBE

Fic. 250. Blocking oscillator.

pulse amplifier, or it may be used to modulate a UHF oscillator.

A typical blocking oscillator cireuit is shown in Fig. 250. The grid
is driven hard, and grid current usually is comparable in magnitude to
anode current. Grid and anode winding turns are approximately
equal. The oscillator operates as follows.

If the grid is only slightly negative, the tube draws plate current
and because of the large number of grid turns the transformer drives

the grid positive, increases the plate current, and starts a regenerative
329
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action. During this period, the grid draws current, charging the bias
capacitor to a voltage depending on the grid current flowing into the
bias resistor-capacitor circuit. The negative plate voltage swing is
determined by grid saturation, so that large positive swings of grid
voltage result in virtually constant plate voltage. 'This continues for
a length of time determined by the constants of the transformer, after
wliich the regencrative action is reversed. Becausc of lowcred plate
voltage swing, the plate circuit can no longer drive the low impedance

INSTANT a~-PULSE STARTS, ANCOE CURRENT RISES,

INSTANT b - SUDDEN RISE IN ANODE CURRENT INDUCES
ANODE WINDING VOLTAGE PEAK,
PROBABLY AT SATURATION VALUE.

INSTANT ¢ -DUE TO COUPLING K < |,GRID VOLTAGE
PEAKS LATER. GRID CURRENT PEAKS
SIMULTANEOUSLY.

INSTANT d -ANODE CURRENT MAXIMUM
ANODE VOLTAGE STARTS TO FALL

INSTANT e-GRID VOLTAGE AND CURRENT ZERO
INSTANT - ANODE VOLTAGE AND CURRENT ZERO.

INSTANT g-VOLTAGE BACKSWING REACHES PEAK.
CAUSES PEAK LOAD CURRENT i.

Fia. 251. Blocking oscillator voltages and enrrents.

reflected from the grid, and the charge accumulated on the bias capaci-
tor beecomes great enough to decrease plate current rapidly in a de-
generative action. Plate current soon cuts off, and then the plate
voltage overshoots to a high positive value and the grid voltage to a
high negative value. Grid voltage decays slowly bheeause of the dis-
charge of the bias capacitor into the grid leak. The next pulse oceurs
when the negative grid voltage decreases sufficiently so that regenera-
tive action starts again. Hence the repetition rate depends on the
grid bias R and C.

Either the negative or the positive pulse voltage may be utilized.
Instantaneous voltages and currents are shown in Fig. 251 for a load
which operates only on the positive pulse. The general shapes of these
currents and voltages approximate those in a practical oscillator,
except for superposed ripples and oseillations which often oceur.

The negative pulse has a much squarcr wave shape than the positive
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pulse, and consequently it is used where good wave shape is required.
No matter how hard the grid is driven, plate resistance cannot be
lowered below a certain value; so a limit to the negative amplitude is
formed. There is no such limit to the positive pulse, and this charac-
teristic may be used for a voltage multiplier.

If the transformer has low OCL, the leakage inductance may be high
enough to perform like an air-core transformer. That is, there are
optimum values of coupling for maximum power transfer, grid drive,
and negative pulse shape, but they are not critical. Comparison of
peak voltages in Fig. 251 shows that the usual 180° phase relationship
between grid and plate swings do not hold for such a blocking oscil-
lator, if the term “phase” has any meaning in this case.

The front-edge slope of the negative pulse is determined by leakage
inductance and capacitance as in Fig. 230, with two exceptions: the
pulse is negative and the load is non-linear; hence there are no oscilla-
tions on the inverted top. The slope of this portion can be computed
from Fig. 234, provided tube and load resistances are accurately
known. The positive pulse can be found from Fig. 235 if these curves
are inverted.

Pulse width, shape, and amplitude also are affected by the ratio of
grid turns to plate turns in the transformer. Voltage rise is steeper as
this ratio is greater, with the qualification that grid capacitance in-
creascs as the square of the grid turns; the ratio is seldom greater than
unity. The exact ratio for close control depends on tube data which
may not be available and must be dectermined experimentally. The
gituation parallels that of the class C low-Q oscillators mentioned in
Chapter 6.

The circuit of Fig. 250 is called a free-running blocking oscillator.
When it is desired to synchronize or otherwise control the pulse repe-
tition rate, an external “trigger” pulse is applied to the blocking
oscillator grid or cathode.

137. Line-Type Radar Pulsers. Figure 252 is the schematic dia-
gram of a line-type pulser or modulator. This pulser is of the variety
known as d-c¢ resonant charging, with hold-off diode. The operation
of the pulser is as follows:

During the charging period of each cycle, the diode permits direct
current to flow through the charging reactor to the pulse-forming net-
work and through the primary of the pulse transformer to ground.
The rate of charging is governed largely by the inductance of the
charging reactor and pulse-forming network capacitance. The in-
ductances in the pulse-forming network and the leakage inductance
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of the pulse transformer are so small as to be negligible during this
period.

The pulse transformer load is the magnetron, which is operated
with high negative potential on the cathode. A double winding is
provided on the pulse transformer sccondary to permit filament cur-
rent to flow into the magnetron filament. The reactances of the pulse-
forming network and the charging reactor at their rcsonant frequency
are high compared to the circuit equivalent series resistance. There-
fore, the pulse-forming network charges up to a voltage 2F, where E

PULSE - FORMING
NET WORK
HOLD -OFF
DIODE
E CHARGING REACTOR PULSE
TRANSFORMER MAGNETRON
—_— TZN

¢ ’
R' |
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THYRATRON NET WORK =
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FILAMENT
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Fic. 252. Simplified schematic of modulator.

is the d-¢ supply voltage. Negligibly small voltage appears on the
pulse transformer and magnetron during the charging interval.

After the pulse-forming network has charged up fully, it is pre-
vented from discharging back through the d-c¢ source by the hold-off
diode. At some subscquent instant, a trigger voltage on the grid of
the hydrogen thyratron causes the thyratron to conduct and permits
the pulse-forming network to discharge through the very low internal
resistance of the thyratron.

The sudden discharge of current through the thyratron causes a
voltage wave to start down the pulse-forming network as in Fig. 253.
This voltage is an inverted step function with a value (2E — E) = E.
Initial voltage 2E on this network is divided equally between the net-
work and the pulse transformer primary, and produces pulse voltage
E, of duration . The pulse width r is the length of time that the
pulse takes to travel down the pulse-forming network (PFN) and
back. After time t; the circuit is ready to charge slowly again through
the charging reactor. Magnetron current and voltage rise at the
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pulse leading edge in general accordance with the explanation of
Section 133, but sometimes ‘“despiking” network R’C” is included to
reduce current oscillations. In this pulser, the magnetron equivalent
resistance Rj (referred to the pulse transformer primary) is equal to
Zy, the pulse-forming network impedance.

ZET

E
E
be— 7"
e 7" —»1
o t, t
o t, t
(a) VOLTAGE ON SENDING-END OF (b) VOLTAGE ON PULSE-~ TRANSFORMER
PULSE -FORMING NETWORK. PRIMARY WINDING

Fi6. 253. Modulator voltages.

If the magnetron circuit opens during pulser operation, voltage ap-
plied to the pulse transformer primary is doubled. This may cause
insulation failure if the open circuit continues. For this reason, spark
gaps arc often provided on pulse transformers in line-type pulsers.

138. False Echoes after Main Pulse. Trailing-edge oscillations are
of two general types: (1) a long-term or low-frequency oscillation
(see Fig. 254) dependent on capacitance Cp and pulse transformer
open-circuit inductance L,, and (2) a superposed high-frequency
oscillation dependent on capacitance Cp and L’y (= PFN inductance
Ly plus pulse transformer leakage inductance Lg). If these oscilla-
tions exceed zero in the positive or main pulse direction, false “echoes”
of two kinds may occur: close echoes, adjacent to the main pulse, and
distant echoes which appear later at a comparatively longer time in-
terval. Either of these cause the magnetron to give a false indication.
The distant echo corresponds to oscillation (1), and the close echo
superposed on this long-term backswing to oscillation (2). These are
represented in Fig. 254 as oscillations f; and fs, respectively. With
proper attention to the circuit constants, it is possible to eliminate
both types of echoes.

The low-frequency backswing oscillation or axis is affected by Cy
only while it is still in the circuit. When thyratron conduction ceases
(soon after the trailing edge becomes negative) Cy is cut out of the
circuit. Once this happens, the presence or absence of distant echoes
is determined only by Cp in combination with L, and RB,. More-
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over, if Cx > Cp, close echoes are also determined by Cp and L'y,
regardless of whether or not the thyratron is conducting during the
close-echo interval.

Both low- and high-frequency oscillation amplitudes depend on the
amount of resistance in the circuit. At instant ¢, this resistance is
Ry, the magnetron resistance E/i, (Fig. 243), in comparison with
which the transformer core-loss equivalent resistance R, is negligibly
high. After the magnetron ceases conducting, only I?, remains. Dur-
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t| \ t2 t
to > 3
CLOSE ECHO
OSCILLATION f,
(k2) CLOSE BACKSWING AXIS (kz)

Fic. 254. Oscillations on pulse backswing.

ing the trailing-edge interval, circuit resistance varies from Ry to R..
Resistances By and R, may be replaced by their geometric mean R,
during the trailing-edge interval and the part of the backswing im-
mediately following. This applies to both low- and high-frequency
backswing oscillations during the interval ¢.—¢; (Iig. 254). The
low-frequency or long-term axis of backswing may then be found from
values of parameter k3 determined by L., Cp, and IZ;, as indicated in
Fig. 235. 1If the oscillations are damped out, the impedance ratio still
determines wave shape. This ratio 1s designated k. ks, ks, or ky, de-
pending on the portion of the pulse as indicated in IFig. 254.

If PFN produces an essentially square wave, front-edge wave shape
at the magnetron is determined by impedance ratio

Ry
by = ——
2V'L,/Cp
It may be shown ! that if k; = 0.5 the magnetron voltage and current

1 See Pulse Generalors, by Glasoe and Lebacqz, M.IT. Ruadiation Laboratory
Series, Vol. 5, McGraw-Hill Book Co., New York, 1948, p. 567.
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rise without oscillations to final value at ¢, = 1.6\/LSCD. This k; has
little influence on the trailing edge because L, is usually small compared
to L,.

Oscillations occurring close to the trailing edge of the pulse are of
frequency fo (determined by L'nC’p, where C'p = (pCn/(Cp + Cy),
L’y is the sum of the transformer leakage and PFN inductance), and of
amplitude determined by

1 [Ly

k2 = —
2R NC'p

This amplitude is superposed on the backswing as an axis, which, if
oscillatory, has frequency f3 determined by 1..C’;. Since one purpose of
good pulser design is the elimination of false echoes, the backswing axis
considered here is always non-oscillatory. Assuming the thyratron is
non-conducting for most of the backswing interval, the condition for
non-oscillatory backswing is

L,
\/ = 2R; for the close part of the backswing

v

(/VID
and

v

JL. .
= 2R, for the distant part
Cp

where L, is the OCL at time {; and J is the ratio of low-frequency core
permeability to pulse permeability. If

1 L,
ks = —
2R; NVC'p
and
1 JJL,
k4 = —
2R. NV Cp
then
k3 > 7174
because generally
R, JC'p
—_ > -
By Cp

So, if the pulser is designed to prevent distant echoes, k4 =2 1 and ks
is several times the value of ky. Time intervals influenced by these
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impedance ratios are illustrated in Fig. 254. 1In gcneral, for a good
pulse, the close part of the backswing axis follows a non-osecillatory
pattern of relatively high-impedance ratio, such u= those shown on
Fig. 235 for ky > 1.

The general effect of pulse transformer magnetizing current is to
depress the backswing axis. Magnetizing current does not affect the
criterion for absence of false echoes ky > 1; hence a high ratio J is
helpful in eliminating close echoes. The ratio A of magnetizing cur-
rent to load current is much less for the close echio than for the distant
echo because R; is less than R,. Close echo A is approximated by

P (142)
L.

To prevent close echo, the first positive peak ol oscillation should
be no greater than the negative backswing axis voltage at instant t..
Backswing axis voltage may be equated to the amplitude of the first

positive oscillation peak at time ¢, in Fig. 254. Thix equation leads to
a transcendental relation between ks, k3, and A, which is plotted in

k2
or
ks IF PULSER k, EXCEEDS VALUE
. 6 FROM CURVE , THERE IS NO
o. ] FALSE ECHO. i | |
4 T~
—fa ] 1
3 §§~\‘ | 7k2 = — Ll
0.5 — 2Ry
STl
2 R e '
- Ml * o N
0.4 RSN V
~E
I ]
0‘3 N“‘\
0.2 ! \‘\
I
™3
s
0.1 ,
A:in
i
o X
002 0l 0. 10

Fic. 255. Borderline of close false eclioes.
Fig. 255.1 It will be noted that all values of ks in Fig. 255 are less
than unity. Hence, under the conditions here assumcd, there is always

! This equation is developed in the author’s “False Tchoes in Line-Type Radar
Pulsers,” Proc. 1.R.E., 42, 1288 (August, 1954).
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a certain amount of high-frequency oscillation superposed on the back-
swing axis. But, if ks 1s greater than the value given by Fig. 255,
there is no false close echo. Becausc of the approximation represcnted
by equivalent resistance R,, to prevent falsc echoes it is best if ke
cxeeeds the curve value substantially. For convenience, the various
impedance ratios are tabulated in Table XVII.

TasLE XVII. PrLsEr IMPEDANCE RaTIOS

Part of Pulse Value of Load Impedance Condition for Good
Affeeted Resistance Ratio Defined Pulse Shape
Ry k1 = 0.5 lor min. ¢, with
Front edge Ry ky = 5\727/"6; flat-top current pulse
— 1 Iy ke = value in Fig. 255
Close echo Ry = \VRuR, ko = 2R, ' for no close echo
Backswing axis —_— 1 Le -
close to pulse R, = V/RuR, ks = TRl 67; ks > ks by definition

1 [LJ k21 for distant
Distant echo R, ke \/ o 4 2 or no distan

“or, N, echo

Example. Suppose that the transformer of Section 134 were used in a line-
type modulator with Ly = 50 ph, Ca = 0.02uf, Ry = V 50 X 400 = 141 ohms.
= 2.0. Using equation 142, for close echo,

, 002X 1,80 x 1078
¢ = (0.02 4 0.0018) X 105 1,650 puf

L'v =50+ 2 = 52 ph

Impedance ratios:

1 52 X 1075
L S e N N = 0.628
PT2x 141 Jl,650 X 1071

i 550 X 10—°
= — = 2.04
ke = o \fl,65o X 1072

1 [2 X 550 X 10¢ _
ks = 2 % 400 V 1,800 x 1012 0.98
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From ratio ks we see that the long-term backswing is barely oscillatory. Hence
some distant false echo is possible. In Fig. 255, minimum ky for close false
echoes is 0.17. Since k2 calculated above is 0.628, there are no close false echoes
with this modulator. According to Fig. 235, the transformer has 56 per cent
backswing. It can be improved by using 0.002 in. grain-oriented silicon steel
having ¢ = 1,000 at 5,600 gauss. L. then becomes 1,000 uh, A = 0.283, k; =
2.75, and k4 = 1.39. Now there are no false echoes, distant or close, and the
backswing is 30 per cent.

139. Charging Reactors. In the modulator of Iig. 252, a reactor
is used to charge the pulse-forming network to nearly double d-¢ volt-
age I/, The inductance of this reactor is not critical but should not
be so great as to resonate with PFN at a frequency f, less than half
the pulse repetition frequency (PRF). That is, the voltage across
PFN would not reach 2K if the resonant-charging frequency f. were
less than PRF/2, and the hold-off diode would be useless. It is the
function of this diode to prevent discharge of PF.\' through the d-¢
source. This makes it possible to use reactors with normal manu-
facturing tolerances, or with variations in PRF, within the limit set
by f» > PRF/2.

When no hold-off diode is used, both reactor inductance and PRF
must be held to elose tolerances, to maintain high voltage across PFV,
with resonant frequency f, exactly equal to PRF/2. Linearity of in-
ductance with change in direct current is also neccszary for accurate
control. Reactors designed by Fig. 71, p. 100, arc usually linear
enough for the purpose.

If f, < PRF/2 the hydrogen thyratron fires belore voltage across
PFN reachcs its peak, but after steady-state counditions obtain this
voltage nearly equals 2E. If f, is low enough, the increase of voltage
is approximately lincar with time. This result is called lincar charg-
ing. Reactor inductance is large in this case, and charging current
flows continuously. Here also a range of PREF’s may be used, all
greater than 2f,.

Reactor voltages and currents for the three methods of charging
are illustrated by Fig. 256. 1In all cases, @ should be high (more than
10) for efficient pulser operation. Voltages in Fig. 256 are for infinite
Q. Voltage is shown for the reactor terminal that conneccets to PFN.
With a hold-off diode, this voltage appears on both terminals during
the intervals when current is zero. Without the diode. or if diode and
reactor in Fig. 252 are interchanged, the voltage at the left-hand
terminal, Fig. 252, is £. Insulation may then be graded accordingly.
In all cases, peak voltage across the reactor is £. A-c¢ flux density may
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be calculated as in a filter reactor, but the effective frequency is 2f,
because the flux excursion is in one direction only at frequency f,.

In a-c¢ resonant charging, reactor voltage would increase to QF,
where E is the a-c input voltage, if charging continued for a sufficient
number of cycles. If reactor @ > 10 and the thyratron is fired at the
end of one full charging cycle, maximum PFN voltage is =E,;, where
E,; is the peak value of applied a-c voltage. In a-c charging the sup-

D-C RESONANT CHARGING

TH HOLD- 0 WITHOUT HOLD-OFF D°C LINEAR
WI(TH HOLD - OFF -
DIODE DIODE CHARGING
7
2E~ . 1
REACTOR
AND PFN E-
VOLTAGE
o_ ’
THYRATRON 4 t ‘ $
FIRES

S R AVAY A I VNI B
e gL ] Vv

PRF<2fr PRF = Zfr PRF>2fr
REACTOR SHOULD BE LINEAR PRODUCES CHARGING
T IMPORT.
LINEARITY NOT IMPORTANT FOR ACCURATE LINEARITY
CONTROL

Fic. 256. Pulser charging reactor voltage and current.

ply transformer inductance may be used instead of a separate reactor
and results in somewhat less total weight. A high reactance trans-
former is useful for this purpose, with shunts as in Section 104. If a
hold-off diode is used with a-c charging, an ordinary plate transformer
may be used and weight reduced still further.?

140. Sweep Generators. Successive pulses, which arc separated in
time and cause vertical deflection, can be displayed on an oscilloscope
by a horizontal sweep. This is the term applied to deflecting means
which move the oscilloscope beam horizontally from left to right, usu-
ally at a uniform time rate. If the swecp rate is non-uniform, picture
distortion results. In magnetic deflection uniform sweep is produced
by a sawtooth current which varics linearly with time during the
sweep interval. A transformer for magnetic deflection is used in the

1 For a detailed description of a-c charging, see Glasoe and Lebacqz, op. cit.,
p. 380.
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circuit of Fig. 257. Pulses of sweep duration r, applied to the grid of
a heam tetrode cause plate current to inereasc throughout the pulse.
If the transformer had no losses, a pulse of constant amplitude E,

Fic. 257. Tetrode sweep generator.

would cause current to inerease linearly with time until the pulse ended,
in accordance with equation 40:

di
dl
Losses in a practical transformer are equivalent to a resistance in
series with L, and the rise in current is exponential. If the losses are
small, current rise may be confined to the part of the exponential curve
which is nearly linear, as indicated at the right in Fig. 257. The trans-
former load is usually the dcflection coil of a picture tube. If this coil
also has sufficiently low loss, the deflection coil current has the same
wave form as the transformer primary, and a linear sweep results.

At the end of the pulse, current 7 does not stop flowing immediately,
because of the transformer and deflection coil inductance. A large
voltage backswing amplitude results, corresponding to large values of
A in Fig. 235. Values of L, C, and R, are such that the backswing is
oscillatory with a period 27, which is small compared to sweep dura-
tion ;. During r,, the first or negative half of the backswing oscilla-
tion, the oscilloscope beam is usually “blanked” or cut off quickly,
to allow the beam to retrace to the extreme left, ready for the next
sweep period. For a bright picture, the retrace period =, should be
short compared to r,, so that scanning occurs during a large percentage
of the time. In television receivers, the sweep frequency is 15,750
cycles and the backswing frequency approximately 77,000 cycles.
Thus the retrace time is about 10 per cent of the sweep period. Posi-
tive voltage backswing is used in starting the next sweep trace, as will
be described later. Magnetic deflection sweep transformers are made

E,= —L (40a)



PULSE CIRCUITS 341

with low-loss cores. Manganese-zinc ferrites find wide use here. De-
stgn of sweep transformers is closely integrated with the sweep circuit,
as will be shown in the next seetion.

Electrostatic deflection is accomplished by application of sawtooth
voltages to the horizontal plates of an oscilloscope. Such a voltage is
shown in Fig. 258. Sawtooth voltages may be formed in several ways

R
e, e =Kt
L e
(. d
Fie. 258, Sawtooth wave. Fic. 259. Sawtooth

transformer circuit.

from repetitive pulses.! If the pulse requires amplification before
being applied to the tube plates, a sweep amplifier is necessary. Here
again linearity is important. The spot is moved at a uniform rate
across the screen and quickly returned to repeat the trace. In such
a circuit, the load on the transformer can be regarded as negligible.
Assume a linearly increasing voltage as shown in Fig. 258 to be ap-
plied to the equivalent circuit of Fig. 259,

61=Kt

Then
Lpe; = LK

where p = d( )/di, and the voltage across the transformer primary is

Lpe;
o= _ b
Lp + Ry
LK
=—— (1 — Rk 143
R (1 —e ) (143)
Slope of e is

de/dt = Ke BT (144)

1 See “Response of Circuits to Steady-State Pulses,” by D. I.. Waidelich, Proc
I.R.E. 37, 1396 (December, 1949).
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Thus voltage e has the same slope as the applied voltage times an
exponential term which is determined by the recistance I; of the
amplifier, the OCL of the transformer, and the time between the be-
ginning and the end of the linear sweep. Under the conditions as-
sumed, the value of the exponential for any intcrval of time can be
taken from the curve marked Ry = « in Fig. 234, For example, sup-
pose that the sweep lasts for 500 microseconds, that the sweep amplifier
tube plate resistance is 800 chms, and that the transformer inductance
is 10 henrys. The abscissa of Fig. 234 is 0.04, and. sincc the slope of
this exponential curve equals its ordinate, the slope of the voltage ap-
plicd to the plates of the oscilloscope will be, at the end of the saw-
tooth interval, 96 per cent of the slope which it had at the beginning
of the interval.

Assume that at the end of the time interval ¢ (Fig. 258) the amplificr
tube is cut off. Then the sweep circuit transformer reverts to that of
Fig. 235, in which Cp has the same meaning as before but E; includes
only the losses of the transformer, which were neglceeted in the analysis
for linearity of sweep. That is to say, the voltage docs not immediately
disappear but follows the curves of Fig. 235 very closcly, as in mag-
nectic deflection. Backswing voltage may be kept {rom affecting the
sereen by suitable spacing of the applied wave forms or biasing the
cathode-ray tube grid.

Vertical sweep transformers are used in television receivers to dis-
place the horizontal sweep lines at a 60-cycle rate, in order to produce
a picturc. The vertical displacement is fairly linear, rcetrace rapid, and
sawtooth wave form is necessary here also. Because of the relatively
slow vertical displacement, yoke inductance is negligible, so that
vertical sweep amplifiers effectively operate into resistive loads dur-
ing trace periods. The transformers present no particularly difficult
problem beyond that of high OCL at low cost.

141. Magnetic Sweep Circuits. A simple television recciver sweep
circuit is shown i Fig. 260. Pulse voltage applicd to the tetrode
grid appears across the transformer primary winding inverted. Cur-
rent in the lower part of the transformer primary has the shape shown
in Fig. 257. This is the current wave shape in the transformer sec-
ondary and deflection coil (termed the yoke). An autotransformer
extension of the transformer primary winding is uscd to transform the
pulse voltage backswing shown in Fig. 257 to a high value. This
voltage is actually much larger than Fig. 257 indic:tes, and needs only
3:1 step-up to furnish 7 to 14 kv. It is then rectified and applied to
the accelerating anode of the oscilloscope. In this way, a separate
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high-voltage supply is avoided. A damper diode is used to convert
the backswing current into uscful current during the next sweep in-

HY DIODE

TO SCOPE 2ND ANODE

YOKE | DAMPER
L

1 H
—j—

Fic. 260. Television sweep circuit.

L Ep

’15

terval. DBackswing current reaches its negative peak at the end of
retrace period 7. As indicated by the dotted oscillation at the left
of Fig. 261, this current would continue
to oscillate for some time if left un- COnELRonE
damped. With the damper diode eir- - /‘&JY,SRKEENT
cuit, this current never oscillates but - =
instead charges the diode R-C net-
work, which slowly discharges into the
yoke. Before damper current rcaches
zero, the tetrode starts to conduct.
Because of winding capacitance, the
tetrode tube current is not initially lin-
ear. It is offset by exponential decay
of damper tube current. Yoke current then proceeds in a linear man-
ner, following the dotted line in the transition from damper to tetrode
current, as in Fig. 261.

With the large consumer demand for television receivers, there has
been an incentive for improved efficiency of the basic sweep circuit.
Partly this has been acecomplished by ingenious schemes for improved

[o] T t
<‘ 1 ~<_ _ DAMPER DIODE

" CONDUCTING

O-|=====------|- YOKE
VOLTAGE

F16. 261. Deflection yoke cur-
rent and voltage.
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linearity with lower transformer @, and partly by using the plate
input resistance of the tetrode for the damper diode bias resistance.
Thus otherwise wasted power is put to a useful purpose.!

142. Magnetic Pulse Generators. In Chapter 9 it was scen that
thyratron operation can be approximated by self-saturating magnetic
amplifiecrs. This fact points to a saturable rcactor to replace the
hydrogen thyratron in the pulser of Fig. 252, Sevcral factors militate
against the dircet substitution of saturable reactors for thyratrons:

1. Departure of corc material from sharp rectangularity interferes
with steep pulse voltage rise.

2. Saturated value of inductance interferes with large current flow
needed during pulse.

3. Reactors are a-c¢ devices; hence a-¢ charging must be used. This
limits the choice of PRF.

Despite these difficulties, saturable reactors have heen used success-
fully in pulsers. Low power pulses may be formed by use of the cir-
cuit of Fig. 262. Reactor I, is

l € C2 linear and rec-onates with €, at
Y 1L It )

j——y N R the supply frequency. Reso-
To 1 nance therefore tends to main-
A-C Ly ]RL tain current ¢ sinusoidal in wave

SUPPLY .
form. Current ¢ 1s large enough
to saturate reactor L., which

Tia. 262. Magnetic pulse gencrator. has rectangulur B-H loop core
material. Twice each cycle cur-
rent ¢ passes through zero, and near these current zeros L. inductance
bhecomes large. This large inductance forces most of current 7 instan-
tancously into Ca and Ry, and builds up a comparatively large peak
voltage across R,. Such pulscs are peaked in wave shape and alternate
in polarity twice each cycle. Pulse durations of lexs than 0.1 micro-
second have been obtained with this circuit. Owing to the large interval
of time during which 7 is large, and not producing pulses, the power
output is limited to small values.

In Fig. 262 the voltage across Le at a given line frequeney f 1s nearly
proportional to the saturation flux density B, of the core for rectangular
loop material. If the core area is A, and turns .V in L., then this
voltage is, neglecting losses,

1 See “Television Deflection Circuits,” by A. W. Friend, RCA Rev., March, 1947,

p. 98; also “Magnetic Deflection Cireuits for Cathode-Ray Tubes,” by O. H.
Schade, RCA Rev., September, 1947, p. 506.
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0.8B.fA.N

€y = 145
1088, (145)

where 6;/2 is the angle, starting from zero, at which saturation is reached,
as in Fig. 193 (p. 247). If 6, is very small, and 27/w > R1.Cs > 60,/w,

substantially all of e; appears across Ey..
Higher power may he obtained from cascaded stages as in Fig. 263.

L € c2
LYY Y\ . IL ] :F';_
LAY |
T0
A-C I L2 L3 | Lg R
SUPPLY

Tic. 263. Cascaded stages in magnetic pulse generator.

Reactor L; is linear and resonates with €, at the supply frequency.
Reactors L., Ly, and L4 are saturable; bias windings arc used, but not
shown. Suppose that Le and L4 are initially unsaturated, and Ly is
saturated. C; charges in series with L; and L;. As the voltage across
L, reaches maximum, Ly saturates and discharges ;. Discharge cur-
rent causes Lj; to become unsaturated and L, saturated; then C,
charges until Ly saturates again. As the wave proceeds towards R,
both charge and discharge times become successively shorter. Pulse
duration in each stage is determined by the saturated value of induc-
tance and associated C'. In the last stage, the pulse is shaped by PF.N
to the desired duration and flatness at the top. As this sequence is
repeated once each ecycle, the line current is not sinusoidal, so a line
capacitor is useful for supplying the current harmonics. One modifi-
cation of this cireuit is the use of saturating transformers instead of
reactors in order to provide the stepped-up voltage necessary for
magnetron operation. With a magnetron, R, is replaced by a pulse
transformer primary winding. In another modification saturable re-
actors are the scries elements and capacitors the shunt.?

1See “The Use of Saturable Reactors as Discharge Devices for Pulse Gener-
ators,” by W. S. Melville, J.I.E.E. (London), 98, Part 111, p. 185.
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INDEX

Air gap, see Core gap
Air-core transformer, 224
resonant peaks, 227
tuned, 226
Aireraft power supplies, 30, 80
Alternate stacking, 98
A-c grid voltage, thyratron, 239
A-c resistance, 106, 220
Ambient temperature, 53, 107, 290
Ampere-turns, 13, 208, 248
per inch, 90, 262, 269
Amplification factor (u), 141, 144, 182
variations in, 256
Amplifiers, 140
bistable, 270
classes, 142, 163, 182, 200, 212, 215,
236
constant output, 257
cfficiency, 143
cquivalent circuit, 141
frequency response, 147, 175, 179, 194,
214, 222, 305
load line, 157, 264
magnetic, 259
phasec angle, 155, 179, 194
plate resistance, 141, 160, 168, 182, 298
potentials, 140
power output, 143, 264
pulse, 3, 294
push-pull, 143, 163, 175, 193, 200, 209,
282
reactive load, 155, 194
sawtooth, 339
self-saturated, 273
stability, 179, 209, 270, 290
tests, 208
transformer-coupled,
214, 294
tuncd, 142, 216, 226, 235
turns ratio, 141, 147, 152, 170, 176,
258, 266, 268, 282, 295, 302
voltage gain, 145, 176, 178, 202
voltage ratio, 149, 152, 211, 285
voltages, 141, 157, 194
Amplitude-modulated wave, 255

141, 170, 176

Angular frequency, 6, 67, 114, 118, 276,
302
Anode, see also eniries beginning with
Plate
Anode characteristics, 155, 169
Anode current cut-off, 140, 256
in class B and C amplifiers, 142
Anode transformer, center tap, 75
currents, 74
design, 77, 82
800-cycle, 82
leakage inductance, 74
scecondary voltage, 75
Anode windings, rectifier, 63
Apparent permeability, 308
Artificial line, 186, 196
Attenuation, 117, 145, 227
wave filter, 182
Audio transformers, see Amplifiers
Automatic gain control, 256
Automatic volume control (AVC), 258
Autotransformer, 250
pulse, 312
variable, 251
Average current, 15
rectifier, 64

Backswing voltage, 299, 320, 330, 333,
340, 342

Balance in 3-phase transformers, 118, 126

Band width, 186, 224, 226

Bank winding, 214

Beam tube, 168, 199

Bias, magnetic amplifier, 275

Bleeder load, 125, 134

Blocking oscillator, 329

Breakdown voltage, 43

Bridge-type rectifiers, 62, 75, 113, 278

Butt stacking, 99

Bypass capacitance, 197, 212, 219, 243

Caleulation form, anode transformers, 80
filament transformers, 71

Calorimeter, 313

Capacitance, air-core transformer, 226
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Capacitance, amplificr transformer, 147,
150, 164, 166, 196, 211, 216
caleulation, 170, 176, 211, 219, 311
distributed, 104, 179, 232, 312, 324
effective, 171, 220, 302, 321
filament transformer, 67
filter, 64, 117, 125, 134
layer-to-layer, 171, 176, 215
measurement, 173, 324
pulse transformer, 294, 298, 311, 320
reactor, 103, 233
rectifier anode transformer, 118
vacuum tube, 174, 216
Capacitive current, 166, 244, 252, 308,
313
Capacitive reactance (X¢), 116, 123
transformer, 150, 159
Capacitor charging current, 63, 112
Capacitor effect, 123
Japacitor-input filters, 63, 126
Carrier frequency, 214, 255
Cathode follower, 181, 199, 213
Center tap, anode transformer, 75
Characteristic curves, amplificr anode,
155, 169
rectifier, 61
Characteristic impedance, 145, 184
Choke, see Reactor
Class (of amplifier), 142, 163
Class A grid load, 147, 150, 174
Clearance, coil, 38, 71, 77, 311
Clipping, 292
Coaxial coils, 215, 228
Cocfficient of coupling, 224, 234, 330
Coercive foree, 23, 310
Coil bulging, 38
Coil clearance, 38, 73
Coil form, 38, 73, 79
Coil insulation, 35
Coil interleaving, 75, 164, 171, 212, 219,
321
Coil orientation, 203
Colil resonant frequency, 151, 174,232,314
Coil section, anode transformer, 75
balanced windings, 164
filament transformer, 72
low laver voltage, 212
pulse transformer, 321
symmetry, 219, 222
Coil taping, 46
Coils, treatment of, 49
Combined anode and filament trans-
former, 79
Commutation reactance, 120, 128
Concentric windings, 38, 72, 75, 79, 84,
164, 171, 212, 219, 321

INDEX

Conpernik, 34
Control circuit, thyratron, 241
Copper loss, 55, 73, 78, 84, 109, 213, 290,
322
Copper weight, calculation, 73
Core area, reactor, 91, 289
transformer, 10, 70, 75, 171, 175, 211,
317
Corce dimensions, 72, 83, 85, 91, 175, 289,
320
Core gap, 19, 88, 175, 189, 211, 285, 309
Core gap loss, 190, 200, 213
Core loss, 55, 73, 81, 313
curve, 27, 29, 32, 81, 188, 216, 218
400 and 800 cyeles, 81
high frequency, 216, 218
oscillator, 202, 212
Core-loss current, 9
Core saturation, 92, 198, 247, 259, 309
Core tongue, 17, 72, 164
Core-type transformer, 18, 164, 204, 311,
321
Core window, 17
Core window height, 18, 101, 248
Cores, type C, asxemblies, 20
description, 18
Corona, audible, 1t
effects, 50
measurement,, -1+
tests, 44, 110
voltage, 73
Coupling, critical, 226
Coupling capacitor, 192, 200, 209
Coupling coefficient (k), 224, 234, 330
Coupling, inductive, 224, 234
Crecpage curves, oil, 52
Creepage distance, air, 46, 48
Cross-connected coils, 249
Current, magnetizing, 9, 26, 130, 161,
199, 2563, 299, 336
Current density, curve for, 35, 86
Current distribution, coil, 151, 234, 312
Current feedback. 181, 209
Current inrush, 130
Current interruption, 103, 132, 196, 252
Current-limiting {ransformer, 248
Current transductors, 272
Current wave form, 10, 16, 63, 120, 244,
261, 315, 339, 343
Cut-off, amplifier, 140, 269
frequency, 182, 193

Decibels, 144
attenuation, 183
frequency response, 145
hum reduction, 205
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Deflection coil, 340, 342
Degeneration, 330
Demodulation, 254
Design, amplifier transformer, 174
anode transformer, 77
audio oscillator, 212
audio transformer, 175, 211
carrier-frequency transformer, 221
cathode follower, 213
800-cycle transformer, 82
filament transformer, 71
magnetic amplifier, 265, 285, 288
modulation transformer, 211
pulse transformer, 317
reactor, 97
Design charts, 3, 84, 99, 136
Dielectric constant, 45, 172
Dielectric loss, 314
Dielectric strength, 43
Dimensions, aircraft apparatus, 81
coil, 38, 72
core, 72, 83, 91, 175, 289, 320
lamination, 55
Diode, 254, 331, 343
D-c flux, transformer core, 105
Distortion, see Harmonie distortion
Driver transformer, 199
Droop, pulse top, 297, 317

iddy current, 23
Eddy-current loss, 9, 220
[ifficiency, 14, 143
pulse translormer, 313
vs. rating, 54
ICnamel wire, 2, 36
Isnclosure, degree of, 22
Lind cases, 22, 54
Liquivalent air gap, alternate stacking, 99
Kquivalent circuit, amplifier, 141, 147,
170, 197
high magnetizing currvent, 11
plate modulation, 193, 197
pulse amplifier, 294
resistive load, 7
Equivalent impedance, 9, 192, 225
load, 8
Equivalent resistance, core-loss, 7, 9, 104,
147, 334
secondary load, 225
shunt and series, 189
LEquivalent sphere, radius of, 57
Fxeitation volt-amperes, 28, 32
Fexciter chokes, 200
lixciting current, 6, 9, 260, 269
[ixtension, insulation, 52
lead wire, 42

False echoes, 333
Feedback, inverse, 178, 209
magnetic amplifier, 268, 270
FFerrite, 33, 34, 217
Filament transformers, current limiting,
69, 248
design, 70
insulation, 67
low capacitance, 67
multiwinding, 70, 88
regulation, 72
Filament voltage, 73
Filter, a-c¢ line, 129
attenuation, 111, 183
band-pass, 186
capacitor, 111, 182
capacitor effect, 123
capacitor-input, 63, 118, 243
characteristic impedance, 184
constant-K, 185
cut-off frequency, 182
design ¢harts, 136
half-sections, 184
high-pass, 192
image impedance, 184
inductor design, 78
insertion loss, 185
key click, 131
keying, 96, 130
limitations, 184
load impedance, 184
low-pass, 182, 196
multistage, 114
oscillations, 128, 130
phase shift, 185
pi-section, 183, 192, 196
reactor-input, 62, 112, 240
rectifier, 111
rectifier, tuned, 127
series-tuned, 127
shunt-tuned, 127
source impedance, 185
T-section, 183
termination, 184
voltage drops, 118, 124
wave, 182
Filter charts, 133
Filter current, 125, 134
Fine wire corrosion, 22
Firing angle, 238, 274
Flat-top pulse, 294, 303, 325, 333
Flux, time variation of, 5, 247, 276
Flux density, see Induction
Flux fringing, 97, 101, 190, 249
Flux linkage, 1, 4, 76, 97
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Flux path, current-limiting transformer,
248
divided, 17
peaking transformer, 246
pulse transformer, 310
reactor, 88, 262, 276
Flux penctration, 309
Fourier integral, 293
Fourier scries, 114, 162
Frequency, power supply, 67, 80, 84
range, 3, 180, 222
r-f choke, 232
response, air-core transformer, 227
high-, 150, 196, 214, 306
low-, 146, 194, 305
zones, gage for various, 30
Full-wave rectifier, 63, 113, 240
I'unctional evaluation, 51
Fundamental transformer equation, 5

Gap, core, 88, 101, 188, 211, 285, 309

Gap loss, 191, 200, 213

Gauss, 34

Glass-covered wire, 84

Graded insulation, 75

Grain-oriented steel, core loss, 29, 77, 81,

188, 216, 309

in audio transformer, 198
in saturable reactors, 33, 263
magnetization curves, 263, 286
maximum induction, 81
permeability, 29, 30, 34
saturation curve, 29, 263
thickness, 29, 81
thin-gage, 216, 286, 309, 320, 338

Grid bias voltage, 141, 238, 257, 330

Grid-controlled rectifier, 240

Grid current, 143, 199, 329

Grid excitation, 176

Grid saturation, blocking oscillator, 330
class C oscillator, 202, 331
definition, 140
pulse amplifier, 292, 327

Grid voltage swing, 182, 212, 329
amplifier, 142

Half-wave rectifier, 63, 256, 282
Harmonic distortion, 153, 168, 178, 212
in non-linear loads, 258
measurement, 208
Harmonics, a~c line current, 128, 345
bridge, 106
magnetizing current, 161
pentode amplifier, 168
ripple, 114
Heat dissipation, 54

INDEX

Heat dissipation, area, 54
coil, 234
Heat run, 107
Henry, 91, 171, 211, 296
Hermetical sealing, 22
High-fidelity modulator, 198
High-frequency current, power line, 205
High-frequency response, 150, 196, 214,
306
High voltage, 3, 46, 67, 133, 243, 313
pulse transformer, 311, 319
Hipernik propertics, 34
Hipersil, core, 34. 188, 285
eddy-current loxs, 29
frequency zones, 30
hysteresis loss, 29
properties, 34
Hum measurement, 139
Hum reduction, 179, 204
Hum voltage, see Ripple
Hybrid coil, 206
Hysteresis loop, 23, 24, 275, 277, 286
pulse, 308, 310, 324
reactor, 89, 94
Hysteresis loss, 9, 23

Ideal transformer, 12
Ignitron, 240
Impedance, characteristic, 145, 184
complex, 224
equivalent, 9, 192, 225
high, 2, 161, 215, 223
image, 184
level, 2, 145, 317
load, 2, 145, 155, 161, 310
low, 2, 217, 223
matching, 144
mid-series, 184
mid-shunt, 184
non-linear, 314
r-f choke, 232
ratio, 141, 166, 298, 319, 337
source, 2, 145, 294
Impregnation, coil, 49, 77, 84
Impulse ratio, 110, 133
Incremental permeability, 25, 89
Induced voltage, 5, 75
test, 109
Inductance, bridge, 95,
critical, 126, 241
decrease of, 216, 260
formulas, 76, 97, 171
increase of, 94, 274
leakage, 3, 74, 76, 121, 164, 196, 222,
224, 290, 311, 330, 335
non-linear, 89, 242, 260, 274, 344
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Inductance, open-circuit (OCL), 11, 149,
174, 192, 224, 297, 300, 318, 322,
333, 342
r-f choke, 232
reactor, 61, 209, 338, 344
saturated, 274, 344
Induction (B), curve, 23, 24, 29
filter choke, 97, 188
400- and 800-cycle, 80
high-frequency, 216
Hipersil, 29, 34
maximum, 24, 89, 275, 310
modulation transformer, 198
pulse, 308
reactor, 88, 97, 188, 263, 388
residual, 23, 130, 310
shunt, 247
silicon stecl, 29, 34, 97
Inductive reactance (X), 117, 241
Inductor, see Reactor
Initial conditions, 295, 312
Initial current, 315
Initial voltage, 295
distribution, 245
Input transformer, 175, 202
Instability, grid-controlled rectifier, 240
Insulating channel, 46
Insulation, class, 41, 50, 81
extension (margin), 48, 52
graded, 75
high-voltage, 46, 52, 246
layer, 37, 38, 77
leads, 40
life, 43
margin, 48
materials, 41
oil, 51, 68, 133
operating temperature, 43
pulse transformer, 310
reactor, 96, 103, 133, 200, 287, 338
test, 109, 326
thickness, 45, 77, 101, 172, 321
Interleaving coil, 75, 310, 321
I-f transformer, 231
Interstage transformer, 176, 196
Inverse feedback, 178, 209

Key-click filter, 131
Keyed wave, 131
Keying filter, 96, 131

Lamination, 175, 211
shape, 17
size, 55
space factor, 31, 83
stack, 55

Lamination, thickness, 17, 31, 83
Large air gaps, 97
Law of cooling, 57
Layer insulation, 39, 77
Layer voltage, 75, 245
L-C filter, see Filter, reactor-input
Lead, anchoring, 40

location, 40, 311
Leakage flux, 6, 76, 164
Leakage inductance, see Inductance
Leakage reactance, 11, 120, 147

drop, IX, 6, 108, 120
Line-matching transformer, 147, 175, 221
Line-voltage adjustment, 250
Linear sweep, 340
Litzendraht cable, 231
Load current, 6

rise, 315
Load line, amplifier, 157, 264
Load resistance, 134, 157, 197, 264
Load voltage, 7
Losses, 14, 55, 60, 81, 84; see also Core

loss and Copper loss

[Low-frequency response, 146, 194, 305

Magnetic amplifier, bias, 275

bistable, 270

circuits, 278

current, 261

design, 285

feedback, 268

graphical performance, 262

half-wave control, 282

limitations, 290

response time, 267, 282

self-saturated, 273, 278

simple, 259

transfer curves, 266, 269, 271, 280

voltage, 261
Magnetie field, 202
Magnetic path, see Flux path
Magnetic shunts, 247
Magnetic terms, 23
Magnetization curves, 262
Magnetizing current, 9, 26, 130, 161, 199,

253, 299, 336

large, 11

non-linear, 199, 246

pulse transformer, 300, 303, 313, 336
Magnetizing force (H), 10, 23, 89, 264
Magnetron, 315, 326, 332
Margin, coil, 46, 72, 80, 101, 222, 311
Maximum power transfer, 226, 235, 331
Mean length of turn, 38, 71, 77, 166
Median frequency, 148
Mica, 321
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Microhenry, 228, 320
Microsecond, 293, 302, 319
Mid-series impedance, 184
Mid-shunt impedance, 184
Modulation, 192, 329

filter, 96, 130

reactor, 192

transformer, 192, 211
Modulator, 192, 332
Moisture, sealing against, 22
Mountings, 22
Multilaver winding, 173, 220, 245
Multiple-coil winding, 35
Multiple-tuncd cireuits, 227
Multiple-wound coil, 77
Multiwinding transformers, 53, 72
Mumetal, 34
Mutual conductance (gn), 144, 182

variable, 257
Mutual inductance, 224, 228
Mutual reactance, 225

NEMA radio influence test, 44
Natural frequeney, see Resonance
Nicaloi, 34
Nickel-iron alloy, 30, 33, 34, 175, 263,
286, 309

core loss, 188

niaximum induction, 34, 97
No-load loss, 320
Non-linear load, 199, 315, 331
Non-symmetrical windings, 222, 311
Normal magnetization curve, 24, 286, 308
Normal permeability, 24, 308
Normalized transfer curve, 280

Oersted, 29, 34, 275
Oil insulation, 51, 68, 133
Open-circuit impedance, 302
Open-circuit inductance (OCL), see In-
ductance
Open-circuit reactance, 11, 147, 259
Open-circuit secondary, 147, 208, 249,
208
Open-delta connection, 84, 252
Operating temperature, 42
Oscillation, 179, 312
conditions for, 302
parasitic, 209
rectifier, 131, 240
superposed, 304, 314, 330, 333
Oscillator, transformer-coupled, 200, 212,
236
blocking, 329
Oscillatory circuit, pulse, 296, 300, 315,
325, 334

INDEX

Oscillogram, keyed wave, 132
pulse, 304

Oscilloscope, 324, 327

Output power, 14, 139, 265

Overshoot voltage, 296, 303, 325

Pancake coils, 249
Parasitic oseillations, 209
Part coils, 79, 245
Partial resonance, 174, 307
Peak current, 244
reclificr, 66, 82, 96, 127
Peak voltage, 241
Peaking transformer, 246
Pentode, 141, 167
amplifier transformer, 168
characteristics, 169
distortion in, 170, 199
pulse amplifier, 305
Permalloy, 34
Permeability (u), 24, 88
a-c, 26
d-c, 88
high-frequency, 217
incremental, 25, 89
pulse, 309, 323
various steels, 34
Phase angle, load, 194
transformer, 153, 255
Phase control, rectifier, 240
thyratron, 238
Phase-shift, amplificr, 180, 195
artificial line, 186
filter, 194
inverse feedback, 180
linear, 186
wave shape, 305, 331
Phase voltage, 121
Phases, effect on ripple, 114
power supply, 62
Pi-filter, 183
Pie-scetion coils, 215
modulator, 194
Plate, see also enlries beginning with Anode
Plate current, amplificr, 143, 166, 199
balance, 164
increase of, 166
Plate resistance, amplifier, 141, 160, 168,
182, 298
blocking oscillator, 329
cathode follower, 181
pentode, 169
sweep amplifier, 342
Plate transformer, center tap, 77, 113
thyratron, 237, 243
voltage drop, 78, 120
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Plate voltage swing, 143, 160
Plate voltage wave form, 143
Polarity, voltage, 254
Polarity, winding, 13, 106, 260, 270, 327
Polyphase rectifiers, 135
Polyphase voltage unbalance, 84, 135,
252
Powdered iron core, 33, 191, 219
Power factor, 14, 194
Power-line carrier, amplifier, 214
receiver, 258
Power line surges, 110, 132
Power supply frequency, 80, 118
Primary-primary coupling, 164
Pulse, blocking oscillator, 329
current, 306, 315
flat-top, 294, 297
front-edge, 295, 314, 318, 325
trailing-edge, 298, 330
Pulse duration, see Pulse width
Pulse forming network (PFA), 331, 345
Pulse generator, magnetic, 344
Pulse inversion, 327
Pulse shape, see ’ulse
Pulse voltage, 317, 344
Pulse width, 294, 317, 344
Pulser, line-type, 331, 338
Push-pull amplifiers, 144, 163, 283

Q, 3, 106, 183, 188, 209, 338
air-core transformer, 227
filter reactor, 188
i-[ coils, 231

R-f choke, 233

R-[ generator, 233

R-f power supply, 235

Radio influence, 44, 205; see also Corona

Random winding, 35

Ratings, continuous, 53
intermittent, 56

Ratios, air gap/core length, 91
amplifier voltage, 144, 145, 149
current, 6
extension/thickness, of insulation, 52
filter reactances, 116
impedance, 102, 134, 300, 319, 337
reactance/resistance, B = X¢/1I2;, 150
reactance/resistance, D = X¢/Rq, 159
reactance/resistance, X n /1?1, 148, 255
reactance/resistance, Xy /I2s, 158
ripple amplitude, 117, 241
source/load resistance, 147, 175, 295
turns, 1, 5, 7, 105, 141, 147, 152, 170,

176, 248, 258, 266, 268, 282, 295,
302, 311, 331, 342

357

Ratios, voltage, 5, 6, 145, 149, 317, 319
Reactance (Xp), 115, 147
choke, critical, 126, 241
R-C filter, 118
Reactive voltage drop (7X), 3, 6, 7, 120
Reactor, air gap, 88, 101
a-¢ flux density, 89, 262
a-c volts, 88, 265, 338
capacitance, 103, 200
charging, 338
core length, 88
core size, 90
design, 91, 97, 188, 265, 288
dimensions, 99
direct current, 88, 261
d-¢ flux density, 88
energy, 90
flux swing, 94
frequency range, 190
hysteresis loop, 89, 94, 275
impedance, 233
in high-voltage lead, 118
incremental permeability, 89
inductance, 90, 137, 182, 188, 230, 274,
338
IR drop, 77
input-filter, 61, 112, 241
insulation, 96, 103, 133, 200, 287, 338
linear, 97, 99, 338, 344
losses, 182, 188, 233
magnetizing force (H), 89, 275
maximum flux density, 94, 99, 262
modulation, 192, 209
Q, 3, 183, 188, 209, 338
r-f, 233
saturable, 242, 259, 344
saturation, 88, 96, 260, 274, 344
single-layer, 233
surges in, 131
swinging, 96, 135
tuned, 127, 135
turns, 88, 99, 265, 289
winding resistance, 90, 100, 259, 289
Receiver rectifier, 79, 254
Rectangular pulse, 294

| Rectifier, capacitor-input filters, 63, 82

characteristic curve, 61
circuits, 62

current, 63, 127

current wave, 125 128
efficiency, 138

inversc peak voltage, 62, 287
load current, 124

load resistance, 126

losses, 138

output voltage, 77, 111
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Rectifier, peak current, 127, 241
peak plate current, 66
polyphase, 113
connections, 62
phase voltage balance, 84
power supply current, 128
rezulation, 78, 120, 124
resistance, 61, 281, 287
ripple voltage, 114, 119
amplitude, 115
attenuation, 111
series resistance, 120, 126, 128
single-phase full-wave, 63, 77, 82, 113,
240, 255
single-phase half-wave, 63, 79, 111, 239
voltage, 62, 77
drop, 60, 120
full-wave, 113
half-wave, 111
polyphase, 113
Reflections, wave, 184
Regeneration, 179
Regulation, 3, 13, 78, 85
autotransformer, 250
rectifier, 77, 118
voltage, 252
Reinforced end-turns, 313
Reliability, importance of, 2
Remote cut-off, 256
Repetition rate (PRF), 293, 314, 317,
338
Reset core, 274, 310
Residual induction, 23, 130, 310
Resistance, bridge, 106
load, 199, 264
Resistance vs. temperature, copper, 108
Resonance, choke, 200
r-f, 233
frequency, air-core transformer, 226
frequency, filter, 134
pulser, 338, 344
transformer, 150, 159, 165, 174, 307
partial, 174, 314
Resonant eirveuit, 252, 331, 344
Resonant peaks, 233, 236, 338
RETMA, 110
Ripple, 111
current, 64, 124
voltage, 61, 115, 139, 241
Rms current, 15, 83
pulse, 321
rectifier, 62

Saturable reactor, 243, 344
Saturation, reactor, 88, 96, 260, 274, 344
Sawtooth transformer, 340

INDEX

Scott connection, 252
Self-inductance, nir-core coils, 224, 230
powdered-iron core, 231
single-layer cotl, 230
Shell-type lamination, 17, 55
Shell-type translormer, 17, 72, 164, 175,
205, 211, 219, 311
Shield, magnetic, 202
static, 204, 209, 220, 245
wire, 206
Short-cireuit current, limiting, 248
rectifier, 120
test, 108
Short-circuit reactance, 11, 108
Short-circuit turns, 250
Silicon steel, 27, 176, 211
core-loss, 27, 81, 188
maximum induetion, 97
permeability, 30, 98
properties, 27, 34
saturation curve, 29, 262
Silicone, 43
Similitude, 102
Single-layer winding, 172, 219, 310
Single-phase rectifier, 63, 77, 111, 239,
255
Sinusoidal voltage, 6, 224, 276
Size, 3, 53, 149, 192, 224
autotransformer, 250
core, 85, 88, 198
400- and 800-cycle transformer, 80
Slope, front-edge, 316
pulse top, 297
sawtooth wave, 339
trailing-edge, 298, 329, 334
Solventless varnish, 50, 85, 311
Source impedanece, 145, 294
Source resistance, 295, 313
Space (volume), 2, 22
Space factor, 31, 35
Spark gap, 133
Squarc wave, blocking oscillator, 330
front, 294
test, 322
voltage, 294, 303, 325
Stacking dimension, 55, 72, 211
Standard test voltage, 109
Static shield, 204, 220, 245
Step-down transformer, 1, 152, 304
Step-up transfornier, 1, 152, 221, 295
Surge voltage, 196, 243
pulse, 312
reactor, 103, 131, 209
Sweep circuit, 342
Sweep generator. 339
Symmetry, winding, 222, 311
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Table, amplifier classes, 143
phase angle, 156
core steel properties, 34
current wave forms, 16
distortion, 160
800-cycle cores and insulation, 81
cquivalent core gaps, 99
frequency response and wave shape,
307
harmonic magnetizing currents, 163
Hipersil core data, 31
paper-insulated coil data, 39
pulse winding capacitance, 311
radio influence voltage, 110
rectifier circuit data, 62
transfer curve, 281
transformer sizes, 85
wire sizes, 36
wire turns per square inch, 37
Tap-changing, 250
Taping, 46, 49
Telephone interference, 128, 205
Temperature, operating, 42
Temperature gradient, 55
Temperature rise, 22, 55, 59, 84
Terminal voltage, 9
Termination, filter, 184, 193
Test, amplifier, 208
corona, 44, 110, 327
d-c resistance, 105, 322
insulation, 43, 109, 326
losses, 109, 313
OCL, 106, 322
polarity, 106, 327
pulse, 322
rectifier, 139
regulation, 107
temperature rise, 107
turns-ratio, 105, 322
Tetrode, 141
Thermal time constant, 56
Three-phase rectifier, 62
Three-phase transformer, 84
Thyratron, amplitude control, 239
critical grid voltage, 237
firing, 243, 332, 338
Thyratron transformer, 243
Time constant, front edge, 296, 303
thermal, 56
trailing edge, 298
Time delay, line, 186
Toroid, 192, 222, 285
Trailing-edge pulse, 298, 303, 320, 330,
334
Transient, amplifier, 164
backswing, 298

Transient, circuit response, 293
current, 96, 132
cyelic, 130
keying, 131
rectifier, 129, 133, 240
starting, 130, 134
voltage, 96, 131
Transistor, 170
Transmission band, 183
Transmission line, 133, 145, 294
Triode, 140
amplifier, 155
characteristics, 157
demodulation, 256
voltage gradients, 140
T-section filter, 182
Tuned amplifier, 142, 216
Tuning capacitors, 231
Turns per layer, 18, 77, 173
Turns-ratio bridge, 107
Two-dielectric effect, 45
Two-phase transformer, 84
Type C core, 18, 29, 75, 85, 99, 192,
321

Unbalanced direct current, 63, 166, 174

Undistorted power output (UPO), 147,
160

Unloaded transformer, 133, 147, 315,
325

Variable-mu, 256
Varnish, insulating, 50
VARS/Ib, 26
Vector diagram, artificial line, 187
high magnetizing current, 11
rectifier phase control, 243, 254
resistive load, 7
Video frequencies, 223, 292
Voltage, high, 3, 46, 67, 133, 243, 313
operating, 46, 84
regulator, 252
rise, blocking oscillator, 330
pulse, 296, 303
reactor, 103, 131, 209
rectifier, 123, 287
stress, 311
Voltage change, rate of, 5, 276, 297
Voltage doublers, 67
Voltage droop, pulse, 299, 317
Voltage gradient, 140, 312
initial, 244, 312
Volt-ampere ratings, 53, 82, 85, 250
Volt-amperes, 14, 63, 80, 83, 234, 250
Volts per layer, 75, 245
Volts per turn, 5, 244, 264, 312
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Wave filter, see Filter
Wave form, current, 14, 198, 244, 261,
306, 315, 339
distortion, 105
voltage, 243, 255, 261, 273, 279, 303,
315, 339
Wave reflections, 184
Wave shape and frequency response, 2,
305
Wide-band transformers, 222
Winding, balance, 164, 209
bulge, 72
capacitance, 147, 171, 219, 245
height, 38, 72, 77
interleaving, 75, 319
IR drop, 3, 6, 7, 73, 78, 120, 290
polarity, 13, 106, 260, 270, 327

INDEX

Winding, primary, 4
reactance, 6, 189, 251, 259
resistance, 6, 7, 73, 146, 149, 189, 220,

251, 25, 281, 289, 322
air-core iransformer, 225
high-frequency, 221
pulse transformer, 294

rotation, 219
secondary, 4
traverse, 219, 222

Wire, 34, 85
insulation, 35, 37, 41
tables, 36, 37, 39
tolerance, 105

Wound core, 18

Zigzag connections, 62, 118





