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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 topics 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 elcctronic transformers and related devices,
with a 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 AITEE 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 aceuracy, 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 several 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-
seript. 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.

RreuBEN LEE

Baltimore, Maryland

August, 1955
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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 & minimum
of unnecessary material. Mathematical proofs as such are kept to a
minimum, but the bases for quantitative results are indicated. The
A.LE.E. “American Standard Definitions of Electrical Terms” gives the
meaning of technical words used. Cireuit 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 Institute of Radio Engineers, Electronics, and Communica-
ttons. 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
subscript 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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steady, effective, or scalar values.
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Colil 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

X¢/R2 at frequency f,, 159

Voltage (instantaneous value), 5

Alternating grid voltage, 141

Alternating plate voltage, 141
xm
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E Emissivity, 57

E Voltage (effective value), 6

Ep Plate voltage, 141

E, Output voltage, 178

Ey Primary voltage, 7

E, Secondary voltage, 7

Eg Secondary no-load voltage, 7

£y Secondary full-load voltage, 7

By Peak value of alternating voltage, 111
Ey, D-c voltage, 111

E, Voltage at top of pulse, 295

i Frequency, 6

Im Midband frequency, 190

fr Resonance frequency, 150

fe Cut-off frequency, 185

fC ) Funetion of, 114

F Factor, 230

Gm Mutual conductance, 144

G Gap loss constant, 191

H Magnetizing force, 10

H, Coercive force, 23

% Current (instantaneous value), 10

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

14 Direct component of current, 16

1, L Peak value of current, 16, 66

II, Average value of current, 15, 66

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

I Load current, 7

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

Iy Exciting current, 9

Ig Grid current (d-c), 142

7 A/ —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
le Air gap, 88

L Inductance, 90

L, Open-circuit inductance (OCL), 26
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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/E . (in rectifier), 114

Ripple amplitude/E4. (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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W, Copper loss, 82

X Reactance, 6

Xv Open-circuit reactance = 2xfL,, 9
X¢ Capacitive reactance = 1/2xfC), 112
X Inductive reactance = 2afL, 112

Z Impedance, 8

Zg Source impedance, 141

Zy Load impedance, 141

A Characteristic impedance, 145

a Amplifier gain, 174

@ VC,y/Cy, 245

o Damping factor, 319

8 Feedback constant, 178

B Natural angular frequency, 304

b) Small interval of time, 15

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

A Exciting current/load current, 299

€ Base of natural logarithms (= 2.718), 57
€ Dielectric constant of insulation, 172
] Efficiency, 14

6 Temperature, 57

6 Phase angle, 120

u Amplification factor, 141

7 Permeability, 24

MA Incremental permeability, 25

™ 3.1416, 6

¢ Phase angle, 195

¢ Flux (varying), 6

P max Peak value of flux, 6

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

w 27f (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
ratto 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 capabilities 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 electronic, 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 eurrents 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 cireuits 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 eircuit use. The design, construe-
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 frequeneies; it is therefore logical to begin with low-
frequency prineiples. These principles are modified for other condi-
tions in later chapters.

COIL FORM

PRIMARY WINDING

SECONDARY

WINDING CORE

LAMINATIONS

F1c. 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-

F1c. 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 do 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 moderately 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

e N
— = @
€2 N 2
where ¢; = primary voltage
ey = secondary voltage
N, = primary turns
N, = secondary turns.
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5. Sinusoidal Voltage. If the flux variation is sinusoidal,
¢ = Doy SIN it

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

e = —N®p,-0 coswt X 1078 3)

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

value
E = 0.707 X 2afN®max X 1078

= 4.44fNdy 5 X 1078 4

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 induced
voltage in an unloaded transformer is just enough lower than the
impressed voltage to allow this eurrent to flow into the primary wind-
ing. If a load is connected across the secondary terminals, the pri-
mary induced voltage decreases further, to 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 eurrent 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 B. The wind-
ing also presents a reactance X which causes an /X 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 eircuit is based on the following assumptions:
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(¢) 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 circuit. 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(¢). Secondary load voltage
E;, and load current I, are in phase. Secondary induced voltage Eg
is greater than Ej, 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 E;. 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.

E\I, = By, 5)



8 ELECTRONIC TRANSFORMERS AND CIRCUITS

f

N, N2 EL

I, —>

(a)

T x R i T £q
Ie X

E X R R E =
s N E L EL ] L E IR

l . ; \L 1y N

(b) (c)

F1e. 3. (a) Transformer with resistive load; (b) equivalent circuit; (¢) vector

diagram.
E I

or — = (6)
E, I,

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

(2a)

I, = E\/7;
Likewise
Iy, = Ey/Z

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

Z EN? 2
2 () -G) @
Z2 E2 NZ
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 equivalent 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/N;)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 3 0
equivalent core-loss resistance Rp EL
and is multiplied by N;/Ns when it Es
is referred to the secondary side. It g, 4 Relation between reactive
has two components: I, the mag- voltage drop and load voltage.
netizing component which flows 90°
lagging behind induced voliage Ey; 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

\\‘
~

>

oo N®bo

m
W

(=]



10 ELECTRONIC TRANSFORMERS AND CIRCUITS

) -t
| |
| | | | | |
o ! & ! 2m | 3n
i : W !_(Tl w
: |® |+¢“.“X|I : y
| | Tt T
| |
L/t ! /[ L
l ! ! { !
| g | | ]
" I ,' f
| | :

g
ES
——————_——
x

-

—

F1c. 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 ¢-i7 loop to obtain the alternating
current ¢ 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 Iy, 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 reactances
are found by short-circuiting the secondary winding and measuring
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-
circutt reactance.

Practical cases sometimes arise where the magnetizing component
becomes of the same order of magnitude as I;. 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-

®)

Fic. 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 do

an expression for flux may be found:

fedt= —NXIO_SquS

Now if we consider the time interval 0 to #/w, we have
T/w + ®max
f edt = —N X 1078 f dd
0 _

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-

- —‘2N‘I’max X 10—8 (9)

cycle is
coswt|™® 2.82E
—141E =

w 0 w
whence

1.41 X 103E

'max — — (10)
wlN

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 clectronic 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

NIII = NQIZ (11)

or the primary and secondary ampere-turns are equal and opposite.
This equality holds for only the load component of I;; that is, exciting
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-c components.

A 1:1 turns-ratio transformer is shown diagramatically in Fig. 7.
Impressed voltage is Ey, and primary current is I;. Induced voltage
E; is slightly less than E4, and is the same in magnitude and direction
for both windings. Secondary current I, 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 —Ey)

Per cent regulation = 100 T (12)
L

1 See Magnetic Circuits and Transformers, M.1.T. Electrical Engineering Staff,
John Wiley & Sons, New York, 1943, p. 269.
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Fia. 7. Transformer polarity.

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

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

P t lati 100 [IR + L <1X>2] (14)
er cent regulation = —+ - =
. Er ' 2\E
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

QOutput power plus losses
Power factor = (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-c 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-c 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 direet 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 eircuits 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 1.)

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

equation
T
Fos = \/f [ e (17)
0

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

Average current values are

T
I, = ff 1dt (18)
0

In the first wave shape, T = 1/f. In the fifth wave shape, T + 28 is
the current wave duration.
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TaBLE I. NoN-SiNUsOIDAL CURRENT WavE Forwms

Current Wave Shape Deseription T Iy
EY Direct current with M2
PN M:dc A superposed sine Tos 41 + 2 Lye

I d.c wave

I_I—M Half-sine loops of T' I 21 T
BX duration and f I, ’n e

— T i-—l/f-—'l repetition rate

Square waves of T

(- duration and f _
e 11 L repetition fre- Ik \/f T 1ofT
—|T—f —] quency

Sawtooth wave of T

Tpk / / I duration and f T I.fT
| s N

repetition fre-
quency

&7 7\ Trapezoidal wave of _—
R L f repetition fre- I \/f(26 + 37) Lf6+T)
T ’

& 2 i quency 3

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. Figure 8 shows shell-type transformer as-
semblies.

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

WINDOW

= TONGUE

E-I E-E F

F16. 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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CORE
BAND

omimeiree GORE

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 from 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 con-
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 ean 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.

b

|
|
!
I
|
I
|

Fic. 12. Type C cores.
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Fic. 13. Partly assembled transformer.

F1c. 14. Assembled type C cores and
coil,
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F1e. 15. Single-coil, single-core assemblies.

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.

F16. 17. Fully 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 core 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 induetion —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 magnetizing force completely removed, induction decreases to
residual 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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Fie. 18. A-c and d-c hysteresis F16. 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”m, ete., is drawn in
Fig. 19, and is called the normal induction 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 cyele. 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

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 mawi-
mum permeability and is the ratio p, = 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 called ntial permeability and is usually
much less than .

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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O 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.

Trom 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 induc-
tion eurve and hence the slopes exceed wn,. This fact has practical
significance in the design of magnetic amplifiers.

In the foregoing, symmetrical magnetization has been assumed. If
a core i1s magnetized with d-c¢ magnetizing force Hg, as in Fig. 21, and
a-c magnetization AH is superimposed, the cyclic magnetization follows
a minor loop AB,,. Decreasing induction follows the left side of a
major loop whose maximum induction 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 induetion 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 induction B,. The value of H at which
B, is first reached is very large compared to /1, 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
8 B material having a rectangular hysteresis
F 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 induc-
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- Fig. 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:

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

1. Open-circuit inductance L, = E/2xfI (21)
B4,
= —_—N—~ (22)
V2 Iy X 108
2. Magnetizing force H,, = %EZLM 23)
I

3. VARS/Ib = Z1aP (24

A,

convert to inches, and put density p = 0.27 1b/in.%, then
152fB,.*
# = 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 induetion 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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F1g. 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 cycles (64,500 lines per square inch). Figures 23 and 24 are
core-loss and exciting 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 B,, so that the rectangular loop
of Fig. 22 is approached in grain-oriented steel.
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Fre. 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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F16. 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 indue-
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 increase 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 frequencies, 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 1s the result, and sometimes
a combination of all three occurs.
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Fr1a. 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 classifieations, 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.

TaLe 1I. Hripersin 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,
c-91 0.002 in. 85, 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/lb 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 reduction is possible.

Crain-oriented steel alloys of approximately 50% 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 ITI.

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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TaBLE III. CorE MATERIALS

Typical Maximum  Coercive
Maximum Operating Force
Approximate Permeability Flux Density D-C Loop
Description Trade Names B Bp, (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
r-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-c¢ induction)
Nicaloi
509, 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
steel Orthonik
Deltamax
Permenorm
80% nickel steel Permalioy 100, 000 6,000 0.05 Small or wide-range audio transform-
Mumetal ers (no d-¢ 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-f 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 Kkinds 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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F16. 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 areca 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 IV. INsuLaTED WIRE SizEs
DiaMeTER oF INsULATED WIRE Ohms
Area Feet
B & ! Bare in per Pounds
> ; 1000 | PeT L oo
S | Diam- Single | Single Circu- Feet | Obm 1000
Gage| eter | Single | Double Cotton | Silk Single | Double| Single | Double| lar at at Feet
Enamel |Enamel N Cotton | Cotton| Silk Silk Mils o 25°C
Enamel | Enamel 25°C

44 | .0020 | .0023 4.002,700 | .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 | .0179 | .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 | .0400 | .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 .0675 | .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] 629.6 | 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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[

& . Single | Single | Single | Double | Single | Double
8 Esrllrsixgi?ﬂ g 1(1) ;ﬁtﬁ Cotton Silk | Cotton- | Cotton-| Silk- Silk-
e 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
20| 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 2,690 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




38 ELECTRONIC TRANSFORMERS AND CIRCUITS

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

MT

1l

D
2w+2d—|—27r<r+—2—>

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

where 3D 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
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TasLe VI. Paper-InsvnLaTep CoiL Darta

(Courtesy Phelps-Dodge Copper Products Corp.)

B&S Layer Turns Space
Gage Insulation per Inch Factor
44 .0005” 369 85%
43 .0005” 340 85%
42 .0005” 304 859,
41 .0007” 265 85%
40 .0007” 239 86%
39 .0007” 215 86%
38 .001” 193 87%
37 .001” 170 87%
36 .001” 155 87%
35 .001” 140 88%
34 .001” 124 88%
33 .0013” 110 889
32 .0013” 98 88%
31 .0015” 88 88%
30 .0015” 80 89%
29 .0015” 71 89%
28 .0015” 64 89%
27 .0022” 57 89%
26 .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 90%,
17 .007” 19 909,
16 .010” 17 90%
15 .010” 15 909,
14 .010” 13 90%,
13 .010” 12 90%,
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

-

F16. 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 ecoil. 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. Electrical-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, poreelain, or other inorganic material with organic bind-
ers such as varnish for embedding the insulation. A small amount of



42 ELECTRONIC TRANSFORMERS AND CIRCUITS

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

TAPE ANGHOR
OUTER
WRAP \ /— JOINT

SEPARATOR INSULATION

QUTER INSULATION

WINDING EXTENSION

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 are 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. TFigure 36 shows only the influence of tempera-
ture on insulation life. Life is further reduced by moisture, vibration,
and corona. It is therefore 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, see 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,
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Fre. 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 ig 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

1See “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-me signal generator, the output of which is varied until the noise
meter output s again half-scale. The signal generator output in micro-
volts is read on an attenuator; this is then a measurement of the corona
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F1c. 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 dielectric strength
is important, the usual bottleneck for high voltage is creepage 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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Fic. 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
msulating 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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Fic. 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 is 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 are unequal, 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 ecircuit.
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 alr 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
essential 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 temperature control are necessary for
good results. Plasticizers are sometimes 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 electrical 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 dimensions 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 eompound
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 cracking 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.

18ee “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 adequatc 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 true 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 Fig. 8 have better heat dis-
sipation than enclosed units. The lamination-stacking dimension can
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Fig. 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. Heat dissipation from the end cases is independ-
ent of the stacking dimension, but that from the laminations is directly
proportional to it. This is shown in Fig. 44 for several lamination
sizes. For 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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Fic. 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 tofal of copper and iron losses 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 ¥4 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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Fia. 45. Winding-to-core gradient for open-type 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 are 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

38
6 = Gy ver (28)

where § = temperature above ambient at any instant ¢

6o = 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 = 2.718.

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 conductivity
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, is the radius of the equivalent sphere.
In order to convert the non-homogeneous transformer into a homo-
geneous sphere the average product of density and specific heat pe is

1See 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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F1a. 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 b has r, = 5.45 in., £ = 0.00028
cal per sec per sq em/°C, and & = 0.11. Changing r, to metric units



TRANSFORMER CONSTRUCTION, MATERIALS, RATINGS 59

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 6§, — 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 lb. 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 lb, 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,

. Total watts loss Total watts loss 31)
0 0.00845 B 01 <Total weight in pounds>%
) 1.073

where 6, is the final temperature 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 1b 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 decreases as current in- /
creases, up to the emission limit, where all the e

electrons available from the cathode are used.
Filament voltage governs the emission limit and
must be closely 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 reetifier 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 efficiency 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-e 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 eapacitor
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
RECTIFIED VOLTAGE W
Siat R / N/ N\
/ | [‘_V v \

|

i\

{Il s I |
i~ ) ===
Lt I I

- 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 seen
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. Average current per tube in both cases 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 At.
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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 Filters,” by D. L. Waidelich,
Trans. AIEE, 61, 1161 (December, 1941).

2 “Analysis of Rectifier Operation,” by O. H. Schade, Proc. I.R.E., 31, 341
(July, 1943).
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single-phase half-wave and full-wave rectifiers. In these figures Ry 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 By. The
process is cut-and-try, because Ip depends on Rg, and vice versa, but
two trials usually suffice. Resistance is in ohms, capacitance is in



RECTIFIER TRANSFORMERS AND REACTORS 67

farads, and o 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-c¢ 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 is little more than the d-¢ output voltage,
and no d-c unbalance exists in the anode transformer. Current output
available from this eircuit 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-¢ 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. Sometimes 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 three tubes.

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

1 See “Analyses of Voltage Tripling and Quadrupling Circuits,” by D. L. Waide-
lich and H. A. Taskin, Proc. I.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 is 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 uuf 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 a 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
insulating ecase, 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 caleulations 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 wvolts 13.5 amp Insulated for 42000 v d-c
2—866 tubes: 2.5 volts 10 amp Insulated for 4+ 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 4.44fA,B 82)

1



-

RECTIFIER TRANSFORMERS AND REACTORS 71

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, 4, = 2 X 0.9 X 1.375 = 248
sq in., and the primary turns are found to be 216.

2 _* of Punchings A, Fiq.44 P’J.ux Density Zq ada__ Lines/in
8 I3 .
- xtl _x :
¥p A g7 506 72 = Ll
Primry /00 Volts 4o Cy. 1Ins. Pri. 2/, 4. #20en Mre
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Fic. 55. Filament transformer design calculations.

Below this caleulation 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 Sy 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 calculation form. From the currents listed, the
wire size for each winding is chosen. Round enameled wire is used for

CORE STACK -7 =
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& CORE WINDOW | PRIMARY
¥ | WINDING
A |
iy i | I Sq
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bz p e e i 3
T _ \N \ sz
N T~
3 x%% S
-y / \
CORE _i,, [l — colL FORM
TONGUE N & x2L D
+ 16 16
" & THICK WALL
8 "
I 24 LONG MICARTA
e / TUBE
16 J/
Y .
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Fic. 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 a 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 214 in. wide. From this is subtracted
1% in. for clearance, leaving 214 in. total ecoil width. Margins on each
side of S; are therefore 14 (2% — 114) = ¢ 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 4 ¢-in.-thick Micarta rectangular tube used for the coil form
has a corona voltage of 2,700 rms, 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 T'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 S, Sz, and S, for leads. With the mean turn
values the winding resistances, weights of copper, and IE and I?RE for
each winding can be found. To Si, 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 Ib, and the grade 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 rise is figured at 48 centi-
grade degrees, 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. Ss 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. Filament 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 described 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 serious, but it should not be disregarded without
calculation.

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 direct 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. See 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 rectifiers 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 voltage is much higher. Filament trans-
formers are insulated for this voltage but have a few secondary turns
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F16. 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 between 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
I, 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 acecurate, and
errs, if at all, on the conservative side:

10.6N*MT(2nc + a)

Lg = 33
5 10°7%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
= winding height in inches
b = winding traverse in inches.

Qo
I

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

1See Standard Handbook for Electrical 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-¢ 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 /R 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 5% 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 laycr 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 X 2.375 X 10°

= 0.166 henry
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At 60 cycles this is 6.28 X 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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F1g. 58. Anode transformer design caleulations.

lated in Fig. 58 is that due to primary IR calculated in the normal
manner, plus I 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, ¥ VgD
and the other part coil is reversed so that the . . SR CFIN.

PRESSBOARD SPACER

turns are in the opposite direction. The two sI s2
start leads are connected together and to ==t t3"
ground as in Fig. 59. It is necessary then P

to provide only sufficient insulation between X 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 presshoard spacers between the
secondary part coils, or to tape the secondary coils separately, but
margins must be provided sufficient to prevent creepage 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.

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

6 2x2
20,000 N
2 MA.
! D.C.LOAD
1700 V.0.C.
115V,
50/60 CY.

3,63V

o)
éss 0.6 AMP

Fic. 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 S, 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 eir-
cuit itself, because a-c¢ loads do not

S P 1o duplicate rectifier action. Most trans-
LI formers of this kind are used in recti-

Se fiers with capacitor-input filters or

L colL Form  with fixed loads in which regulation is

not important.

6 — =% Ratings are easier to predict.
s— 52 —f—¢ Anode secondary v-a rating is the
S3 ] product of rms voltage and current,

P but the corresponding portion of pri-

Fic. 61. Winding arrangement to  1HaIy v-a rating depends on the recti-

save insulation. fier and is found as mentioned in

Sections 24 and 25. To this is 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 cyecles 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
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Fia. 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 execiting current rather than by core loss. As
size or frequency increases, this limitation disappears, and core loss 1s
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,, etc. = 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, = KoI%. 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

= KNW(Ky — W)

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

0= K3 - 2We
whence
W, = K3/2

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 cyecles
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 oCR; 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-



RECTIFIER TRANSFORMERS AND REACTORS 83

istics show 97 volts tube drop, or 97 + 0.5 = 194 ohms at peak current.
Rs/Ry = 194/2,250 = 0.086. Add 5 per cent for transformer windings;
estimated Rs/Ry = 13.6 per cent.

Check on Peak Current from Fig. 52.

nwCRy = 11.3
I, =5I,=5X01=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
0.005-1n. 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 54 in.
Build 34 in. Window width 114 in.
Total net core area 0.506 sq in. Core weight 0.75 b

Turns eould 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

3.49EF X 10°
Ny =-—77— (34)
fA:B
where dimensions are in inches and B is in gauss. Primary turns are
then
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3.49 X 120 X 10°
800 X 0.506 X 8,500

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 I2R 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
agssigned 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 I.

4. Project turns across to quadrant I1T to obtain winding resistances.

Tasre VIII. TrANSFORMER SIZE, RATING, AND REGULATION

Maximum % Total
V-A Regu- Weight Overall Dimen-
Core Rating lation (Ib) sions (inches)

1 5 15 0.38 134 X 134 X 134
2 10 15 0.68 174 X 234 X 134
3 25 10 1.2 214 X 2% x2Y
4 50 10 2.2 215 X 31§ X 214
5 100 8 3.8 35 X 3% X3
6 200 6 6.4 374 X 43 X 3%
7 350 4 11.0 438 X 5% X 4
8 500 3 15 5 X 61 X5
9 1,000 2.2 24 574 X 634 X 614
10 1,600 1.8 36 7Y X 81 X7l
11 3,200 1.2 75 934 X 123 X 8
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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 I1.

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.

Ezxample. 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-¢ 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 [,, 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, + (l;/u), where yx 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 u 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 Hg, is maintained in the core. This is shown in Fig. 64 as the
vertical line Hg, to the right of zero H in a typical a-¢ hysteresis loop,
the upper half DB, D’ of which corresponds to that in Fig. 21. Incre-
ment AH of a-c magnetization, su-
perposed on Hg., causes flux den- B L—AH
sity increment AB, with permeabil-
ity ua equal to the slope of dotted ‘1’
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 Hy, is reduced in
successive steps the upper ends of
corresponding minor loops termi-
nate on the normal induction curve. Fic. 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, €', 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 pa is greater, as Hg, is made smaller.

Midpoints C, C’, ete., form the locus of d-¢ 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-¢ 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 us. 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-c¢ 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-¢ flux. The ratio of x to pua gradually increases as d-c flux density
increases.
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Because of the low value of ua 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 I./ua large compared to l,, it follows that small
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Fie. 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/I. from which reactors ean 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).
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L = a-¢ 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
= A, (see Fig. 57 for core dimen- N = number of turns in winding
sions) l; = air gap in inches
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F1a. 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-
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Fic. 67. Fixed air-gap curves. For By, > B, air gap is not critical,

fulness are indicated by the scale I,/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.

Example. 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=071 X75=53

LI? : 4 X107
T{f = 70 X 5?;—&— =53 X 10~*

In Fig. 66 the abscissa corresponding to LI*/V = 53 X 107%is NI/l, = 25
for silicon steel. The ratio of air gap to core length /,/l. is between 0.0005 and
0.001.

NI/l =25

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 1s small and hence the alternating flux
is small compared to the steady flux. Even 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 necessary 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 direct 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-c and d-c¢ fluxes. Typical increase of inductance is shown
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in Fig. 68 for a reactor working near the saturation point. Increasing
a-c flux soon adds to the saturation, which prevents further inductance
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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-c¢ flux.
To illustrate the effect of these latter conditions, suppose that a

Bm

Hcho l‘

Fic. 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-¢ flux change is
from zero to B,. (Assume that the reactor still
operates about point (7.) The hysteresis loop,
however, becomes the unsymmetrical figure
0B, 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-¢ 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 caleulated
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

— <———— + ———) = 18 volts

2\16.7 833

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 does the inductance. Tt will be apparent that decreas-
ing Hg, 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-¢ permeability the equivalent length of
core l,/p is likely to be small compared to the air gap I, 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¢ induc-
tion.

If a choke is to be checked to sec that no saturation effects are
present, aceess 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.
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If the inductance remains nearly constant up to normal direet 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.

Tt 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 direct 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 is used in the eircuit. 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 Eg4, so the equivalent
rms voltage on the insulation is 0.707E4. But for figuring B,y 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, p 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
Bge = 047N 14./0.85l,. With [; in inches this becomes

By, = 0.6N14./l, gauss (35)
Transposing equation 34
By = (349E 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,

¢AT BLLCAC-N
L= = - 37)
1081, 10%1y
But
0.47N1,
e lg -+ (l(‘//-LA)
If this is substituted in equation 37
3.19N%4, X 1078
= henrys (38)

le + (le/ka)

provided that dimensions are in inches. The term 4. 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 Buax. With small gaps, permeability
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F1e. 70. Incremental permeability for 4% silicon steel with high a-¢ 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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Tasre 1X. 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

Example. An input reactor is required for the filter of a 1,300-volt, l4-amp,
single-phase, full-wave, 60-cycle rectifier. Let N = 2,800 turns, net 4, = 2.48
sq in., gross 4. = 2.76 sq in., I, = 9 in., [, = 0.050 in. The 120-cycle voltage
for figuring B, is 0.707 X 0.67 X 1,300 = 605 volts.

06 X 2800 X025

By = 0.050 8,400
3.49 X 605 X 108
Bae = 150 X 2.48 X 2,800 2540
Buax = 10,940 gauss
Figure 70 shows
ua = 2,650

_3.19 X (2,800)% X 2.76 X 108

L
0.050 + 5550

= 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 p 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 incremental 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-c com-
ponent B, 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.



ELECTRONIC TRANSFORMERS AND CIRCUITS

100

1By USISep 10908AL Jeury 1 "OL

N

SNuNL

»
o
~ F o [=2N ] m
[ o W =
o o © & o o_o 2/6} = 937 ¥3d dvo
RS %8 SO %9 29 S3HONI N1 dv9 By so1
+H-+—H- gy t PP PO A 3.8 L T oo osLoolr y T T
! N S NN
L s ;
] z i Aoz # ooz S NS ) N2 N ooz
10 ]V@ yd 7 o1 =N i ~] ), =t 70/%/
B p 7 F e N + SR
2 L —~ 7 o S O NI o
Y= 2 i ! oov NS & TN
F 7 4 ™~ NS NS N N ooy
ofF |, = 008 %) PR <oy S
LEtsy 5 y S2s 009 N SIBREN 009
L WO/# = 2 [+]] 008 1— N + [ // ] N oos
e} 3 000" SN R N OP< NS Nooot
ef s 1 /Q_ //// RAAN /M///%/m N ////// T
sk 7 ] NS ONI IS N N
Y 7 _Jog« 0002 N\ X NN TN .
o_‘me\ 7 7 00T z NN ,ooﬁ NN T 0w N {J]900°¢ =
L i N NI O \
i 7 fi 2000 R T SN o TR NN ]000¢
= # 7 7 2000’y ONS ! N ™ 0oc'v
sk Z &ooo's 20} NN { I~ ™~ I~ M ooo's
LE 7 / . (o) NONE O, N - N
ool P 7 e b —— 2008 PRET TN PO R N\ Fooo's
B #ox . / £ 0008 e ! o N 0008
e P — 7 ; 00001 1Muo NS oo/mr/ N 0000l
3 S ey ! ~0 //%/ 0 R A NRRA NN NN TR T
AT A NOONES RONGTNDS
LE |l / ’ L~ d . < Jf/ N
000'l lloew\_h 7 v 0000l 000'02 K OO.O//NJ - FC/7 /// N //I/ N o000z
L O / 09+ 3
et e z vl B 4 000°0¢ TN |- OOOf&m [ N PN Hoootoe
oF \ vy 4 3215 3w —— - AR N \ N ]
F / ) 0000t
: E o 7 P ! y R N Wmﬂqv 0% /7/. = Sy N <000 0s
00001 o7 d # 00'004 SWHO 40Q—— 000 ow?oooooo 000'09
4 7 N o - o) # .
swo woal” [k ~ 00008 | ONCPENGI R SRS 00008
or 0Z 0§ 0% 02 Gl £0 0 €0 20 700 S00 ©00200° 16 20 €0 €0 16 1o 20 £0  so zo 0100000
o
S © @~ &0 s uN IM



RECTIFIER TRANSFORMERS AND REACTORS 101

If the cores inereased in each dimension by exactly the same amount,
the lines in quadrant T 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 Faig. 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 (N). 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.

Ezxample. Required: 15 henrys at I, = 50 ma.

Estimate core No. 1.

L/sqin. = 84.3,1, = 0015 in,, N = 6,000, DCE = 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 inductance 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 l,/u, 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, i 28) 39)

R £ log, —
L VA, =,

Equation 39 is plotted in Fig. 72 with core shape VA,/S as abscissas
and gap ratio l,/S as parameter.?
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Fie. 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 ecoil 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
air 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. ILet current
t be substituted for Iy in equation 37; it may be transposed to give

¢ = 103Li/N (37a)

where L is in henrys and ¢ in amperes. If this expression for ¢ be sub-
stituted in equation 1, we obtain
L & 40
€ 7 (40)
Fquation 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
¢ could rise under any condition is IR, where R, is the equivalent loss
resistance. R, depends mostly on the reactor iron loss at the resonance
frequency dctermined by reactor inductance L and capacitance C.
This frequency is 1/7, where T is 27V LC. Conditions for high
voltage across the reactor occur with high values of k, the ratio of
VL/C to 2R,. 1If 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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e = VOLTAGE ACROSS REACTOR L=REACTOR INDUGTANGE
I= INITIAL CURRENT THROUGH T=214/LC
REACTOR
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Fic. 73. Reactor voltage rise.

e k
e - mat __  myt 41
R o1 ) (1)
where
_9 o
My, Mg = TW h+ VE —1)

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-¢ 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 ecircuit. Winding currents 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-
scribed in Section 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 are 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 caleulated as in Scctions 37 to 41, depending on
the operating conditions. Even in transformers with no air gap, there
is a certain amount of incidental reluctance at the joints in both
stacked laminations and type C cores. This small gap reduces the
degree 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 service life. Some 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 between 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 speecially calibrated meter.

() Twrns Ratio. Once the correct 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

]gl/Rz = N] //lVQ (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 Bi/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 SQURCE ——>
10,0000 10,000 N1
1,000Nn 1,000 N
1000 1000
on on
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 eurrent 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

Lx = RlRQC Rx = Rle/Rc (43)

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

AMPLIFIER ( MA)
|- -~

F1c. 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 secondaries 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



108 ELECTRONIC TRANSFORMERS AND CIRCUITS

winding currents by the measured winding resistances and using equa-
tion 13. If the winding reactance drop 1s 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

Wl

0.8
//

0.7 v

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

F16. 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 is found from

X=vV72_Rg? (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 2xf.

(f) Output Voltage. Although the method described 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 it
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, if 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. Tt 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
similar 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, 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.

TasrLe 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 impulse ratio. This ratio is much greater for oil-insulated
transformers than for dry-type transformers, and is discussed further
in Chapter 4.

1See RETMA Standard TR-102-B, “Power Transformers for Radio Trans-
mitters.”
2 See 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 105, 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 rectifier 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 g 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
045E,., 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 ecapacitor C shunts the load. By using the

proper capacitor, it is often possible to increase the value of Eg4 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
current 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 E,. 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.

E‘r/\Edc : .:Te pr/\ ]
Vi AN : / \ ‘T

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

\
x

To obtain less voltage variation or ripple amplitude, after the limit-
ing eapacitor 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
E ;. has less than the average value 0.45F,., because the inductor de-
lays the build-up of current during the positive half-eycle of voltage,
and yet the inductor in this case should have a high value of reactance
X, 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

It
[AY
(3}

(a) (b)

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

In Fig. 79(a) the ripple amplitude across B 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. R 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 eircuit. 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

O] P
| A \/ A\

(a)

F16. 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 1s continuous and Eg4 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
rclations are the same as those of Fig. 80(b).
Although this eircuit 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 one 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 K., 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, rectifiers 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.

/ \ / \
/ \
J’ \\ L A
THREE -PHASE HALF WAVE THREE PHASE FULL WAVE OR DOUBLE Y

SIX PHASE
(e} (b}

Fic. 82. Polyphase rectifier output waves.

Ripple voltage for any of these rectifiers can be found by the Fourier
relation:

/2
A, = —f F(t) cos nwt dt (45)
TJ 7

where A, = amplitude of nth ripple harmonic

T = ripple fundamental period

t = time (with peak of rectified wave as { = 0)
= 27/Tp = 27 X supply line frequency
ripple as a function of time
= Eypcoswt, T/2 > wt > — T/2.

f®

The voltage peak is chosen as ¢ = 0 to obtain a symmetrical fune-
tion f(¢) and eliminate a second set of harmonic terms like those in
equation 45, but with sin net 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 effectively reduces the percentage of fundamental
ripple across the load, the harmonies may be considered negligibly
small.

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. It is possible to replace the usual circuit
representation by Fig. 84(a). For any harmonic, say the nth, the
voltage across the whole cireuit is the harmonic amplitude A4,, 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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resistance B 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

B (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 indue-
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

P XL — X'o\?

Pa _ <__L____fz> “7)
Pr X'¢

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

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

P X' — X'e\?
== <—L C) (48)
Pr X'c

and, in general, for an n-stage filter,
P X’ L — X’ A\"
Lo (—’ C) (49)
Pr 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,/Pg is shown by Fig. 85. The lower curve
shows the relation between P,/Py and X, /X, for a single-stage filter.
The second curve shows the increase in P,/Ppr 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;/X,. For lower ratios there
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Fic. 85. Attenuation in one-, two-, and three-stage filters.

may be a loss instead of a gain, as shown by the intersection 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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14 X;/3X¢ or 5% 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 filters 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-¢ 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 reectifier comprises
three distinet components:

1. The d-c resistance or IR drop.
2. The commutation reactance or IX 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. Because of the
inevitable reactance in the transformer, this change does not take
place immediately but during an angle # 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-circuit 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-cireuit current
rises to (1 — cos §) times maximum In the commutation period, or

[2E,k(1 — cos )]/ X = L4,
The average voltage from zero to the re-ignition point V" is
(Bype/m)(1 = cos 6)

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

Vv = 14.X/27 - (50)

By similar reasoning, the commutation reactance drop for polyphase

rectifiers is
plaX' /2% (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 1s
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-cycle. In such a rectifier, dur-
ing commutation the whole secondary voltage is effective, and so is the
leakage reactance of the whole secondary. This reactance has 4 times
the leakage reactance of each secondary half-winding, but only twice
the half-winding voltage acts across it. Hence equation 50 must be
used for the single-phase rectifier; here X' = the reactance of the entire
sceondary.

When high winding resistance limits short-cireuit 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. In 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 is 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 IX drop is the dominant cause of regu-
lation. An example with 60 kva rating has 0.7 per cent /R drop and
6 per cent IX drop.

In medium-size rectifiers the /R 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 4, Fig. 87,
depends on the short-circuited reactance when resistance is negligible,
but if resistance is appreciable 6 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 Ey4. 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 manner 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. R in X/R ratio includes
primary R in all cases. R in I4R/E4 is for two windings in three-
phase full-wave rectifiers. To obtain total regulation, project
I, R/E4 vertically to one-phase or three-phase line. Project this
point to the left to proper X /R line. Abscissa at left gives total regu-

18ee Mercury-Arc Rectifiers and Their 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 0
Iz = 1 amp R
R = 60 ohms IR 60
= —— = 3 per cent
X = 120 ohms E;. 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 eircuit shown in Fig. 80(a) delivers single-
phase full-wave rectifier output as shown in Fig. 80(b) to an inductor-
input filter and thence to a variable load. In such a ecircuit, the filter
inductor keeps the capacitor from charging to a value greater than the
average F,, 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-c ocutput voltage E, is 1.57 times the
average of the rectified wave. As the load increases, the output
voltage falls rapidly to By 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
harmonie 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 Xy, — 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.
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Fic. 89. Rectifier regulation curve.

A-c and d-c¢ components are shown in Fig. 90, with the ripple cur-
rent I,, superposed on the load direet current I4. If 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 eyele. 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
