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Project Whirlwind 
Servomoohanisms Laboratory 

MMMChUMtt* Institute of Technology 
Cambridge, Massaiuusotts 

SUBJECT: PULSE TRANSFORMERS, REVIEW OP DEVELOPMENT 

Toi J. W. Forrester 

From« G. 0. Hoberg 

Date J November 5, 1947 

Introduction 

A pulse transformer is fundamentally siirilar to any other kind 
of electromagnetic transformer in construction ar.d operating principles. 
It oonsists of primary and secondary windings through whioh passes a 
closed loop of magnetic material, and functions in accordance with ^he 
elementary laws of induotion. However, the requirement that it pasn 
Bhort-duration pulses of energy, preferably without distortion, imposes 
a need for rather precise design whioh justifies special analysis and 
treatment. 

Two broad classes of pulse transformers exiit: (l) those in 
whioh heating and insulation problems are of priie importance, such as 
the transformers used to deliver high-energy, high-voltage pulses to 
magnetrons in radar transmitterc, and (2) those which may be designed 
without consideration of these factors, since only lcrr-energy, low-
voltage pulses need be handled. 

Puis* transformers used in the cirouxts of '.ligh-speed electro­
nic digital computers are of the latter typo. They are quite small and 
of simple construction. Primary and secondary are usually wound as two 
ooncentrio solenoids about one leg of a rectangular oore of thinly-
laminated, high-permeability ferromagnetic alloy. Omrall dimonsions 
are of the order of l^l^rf". 

History of Development 

During the reoent war a great deal of research was conducted 
at the Radiation Laboratory, M.I.T., and at a number of establishments 
in Great Britain, on the analysis, design, and techniques of construc­
tion of pulse transformers. Reports on this work are avallablo in 
the Radiation Laboratory Document Room, tf.I.T. Practically oil of the 
Radiation Laboratory research and much of the British work was on the 
high-powor variety of transformers for magnetron aodu!.ators. Although 
the broad principles of analysis are similar in both cases, relatively 
little work was done specifically on low-power transformers, and those 
British reports which do treat them separately ara st:.ll highly classi­
fied. An abstract of a paper, "Low-Powe:.- Pulse Truntii'ormers", given 
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by la H. Moody before tho Britioh Radiolocation Convon^ion in 1946 appeoro 
in the Journal of the I.E.E. (Vol. 93. Part II1A, No. '.., March-May, 1946), 
but most of his work remains unpublished. 

A rigorous general treatment of pulse traasformers hao been 
prepared by Dr. IT. H. Bostick of the D.l.C. Staff, M.I.T., for Volume 5 
of the Radiation Laboratory Series ("Pulse Generators" Glarsoe and 
Lebacqrj McGraw Hill), but this book will not be available until early 
1S48. 

All in all, the topio has received remarkably little treat­
ment in the literature. The most pertinent discussions currently 
available are to be found in the following references: 

1. A. G. Ganz, "Applications of Thin Permalloy Tape in Wide-
Band Telephone and Pulse Transformers", /..I.E.E. 
Transactions, April, 1946. 

2. L. H. Ridenour, "Radar System Enginesrinf,", Vol. 1, 
Radiation Laboratory Series, pp. 384-3; \ cGrnw Hill. 

8. M.I.T. Radar School, "Principles of Sadat*", 2-73 to 
2-82j MoOraw Hill. 

Reaearoh on Project Whirlwind 

Soon after digital methods were adopted for the Whirlwind 
computers, it became apparent that electronic ciroult cesign could in 
many oases be simplified if satisfactory pulse transformers) were avail­
able. Early in 1946 T. F. Wimett undertook an investigation of the pro­
blem. Experiments with commercially manufactured trantformers soon 
disolosed the fact that none wore particularly suitable, and that in 
general a given transformer was good for only one 3pecific application. 
It became apparent that pulse transformers would havo to be eustom-
designed for each computer use. 

Wimett then studied the work which had alreac'y been done on 
the subject and began a series of experiments to achieve optimum designs 
for proposed operating conditions. Much of the work which followed 
is a real contribution to the field of pulse transformer analysis and 
design. It is comprehensively treated in his repori "Low-Power Pulse 
Transformers" R-122 which was written in the summer of 1947. 

Sinoe the guiding principles aro firmly established and suc­
cessful transformers have already been built, work currently in progress 
and foreseen for the near future consists merely of extrapolating proven 
designs to cover new ciroult conditions and pulee lengths. 
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Applications in Computer Circuits 

In computer circuits pulse transformers are used for one or 
more of the following reasons i 

1. Impedance matohing (to obtain optimum pcwer transfer 
between souroe and load). 

2. Polarity reversal (to convert a negative pulse to a 
positive pulse or vice versa). 

3. DC isolation (to permit source a:id load to operate at 
different direct-voltage levels). 

4. Reduotion of DC resistance (to prevent buildup of DC blas)» 

Wimett's report describes transformers capable of adequately 
performing these functions in dealing with low-energy pulses (peak 
power of the order of 25 watta) of very short duration (l/20 to -4 
microsecond). 

They are most commonly used in the plate circuit of a pentode 
tube. Since the, control grid of the tube is uuually biased below cut­
off voltage, and driven toward cathode potential by positive pulses, 
negative pulses appear at the plate terminal (i.e., a3"oss the trans­
former primary). If the output is to be used to drive other tubes, as 
usually required, it should be positive pulse. Henco the transformers 
are almost invariably connected to give phase reversal, and because 
tubes need never conduct except during pulses, pover dissipation is 
held at a minimum and component life increased. 

If the output is to be used at a nearby point so that tranii-
mission line is unnecessary, a simple inverting transformer with uni<;y 
turns ratio is oonroonly employed. However, when the output from tubo 
and transformer is to appear at a remote point, a step-down trans­
former is used to match more closely the tube r.ource to the low-
impedance oable which must be used to trsnsmit the pulie. 

A problem arises here, for by conventional b:"ansformer theory, 
the impedanoe reflected back to the plate of the tube Is then the im­
pedance looking into the cable multiplied by the squaru of the trans­
former turna ratio. The rate of rise of the pulse oan then never exceed 
that permitted by the time constant of this reflected Impedance and the 
output capaoitanco of the tube, "he turns ratio is therefore limited 
in magnitude, for the short pulses used demand rapid rates of rise and 
fall. But, insofar as the pentode tube is approximately a oonstant-
ourrent source over a limited operating range, a high utep-down ratio 
is desirable in many case6 because current output of t!ie transformer 
is then multiplied by the turns rntio, and for constant load impedance 
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thie represents an inorease in voltage. Both the above 6ffects, to­
gether with the faot that the pentode lotos it.i conf.tant-ourrent pro­
perties at low plate voltages, must be oonsidored and appropriate 
compromises made in deciding upon the ratio to be used. In some caaos 
it is possible to use a step-up transformer at tho remote end of the 
transmission line where usually the highest attainabla voltage 1B desired. 

The isolating properties of the trannfoitner are utilized in 
many cases where the secondary feeds the grid of ei tube. One terminal 
of this winding may be connected to the grid-bias supply and the other 
to the gridi coupling condensers and grid resistoro aro then unneces­
sary. 

Effect on Pulse Shape 

If an equivalent oircuit for a pulse trensformer is derived 
(as is done in praotically all tho aforementioned references) it will 
be found that the leakage inductance appears in series between source 
and load, while stray capaoitanoes and the magnetizing inductance aro 
•ffeotlvely in parallel with the load. Ideally the leakage inductance 
and stray capaoitanoes should be zero and the magretlzing inductance 
infinite. The faot that they can never be made sc results in several 
undesirable effeots of the transformer on pulse shape: 

1. The leakage induotanoe acts in conjtnction with the 
stray capacitance and the series resistance of source and load to 
slow the rate of rise of the pulse. This is in addition to the limit 
on the rate of rise mentioned previously, whioh is intrinsic to the 
oircuit, rather than tho transformer, and would therefore exist even 
if the transformer 7/ere ideal. 

2. Although by Lenz's law current ccjmct flow through the 
magnetizing inductance during the first instant, current builds up in 
this element approximately In a linear fashion for tho duration of 
the pulse. Since most transformers are operated from constant-ourrent 
sources, tho current flowing through the load io decreased by the amount 
diverted to the magnetizing inductance, and a droop occurs in tho top 
of the pulse. After the pulse, again by Lenz's low, flow of current 
through the magnetizing inductrmco cannot cease instantaneously. Sir.oe 
the driving tube is then cut off, its impedance is very high, and the 
equivalent circuit is 3uch that for current to oontinue flowing in the 
inductance it must flow through the load in a dirootion opposite to -the 
original pulse current. This phenomenon represents an undesirablo 
"overshoot". 
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3. If the pulses roour at high frequency, the load voltr ,-o 
may not fully reoover from the negative overshoot of one pulse befcro 
the next pulse begins. The next pul3e will thon not rise to tho sane 
absolute amplitude as the piooeiin^ or.o. This....pr.̂ cegi is cumulative, 
oauaing undesirable amplitude lose, or oojectionable ciffefehcoi ir. 
amplitude if the pulses do not come at a regular r »tt . 

4. Various combinations; of inductances and capacitances cf 
the equivalent oircuit can give rise to oscillations on the top of the 
pulse or the backswing. Although generally undesirable, suoh oscillations 
may occasionally be used to advantage, as in the case of very short pulses 
whose length corresponds approximately to a half-puriod. 

5. Components of the input current divsrtecl to supply 
hysteresis and eddy-ourrent losses add to the droop described la 2. above. 

Design and Construction 

Vention has already been made of the nead to choose a valve 
of turns ratio which represents a compromise betwoan conflicting require­
ments. A similar compromise must be mads to meet the contrasting re­
quirements of (l) fast rise and fall of the pulse [interpretablo as 
good transient response), which demands a low VBIJU of leakage induc­
tance and effective oapacitance to ground, and (2) little droop of the 
top of the pulse, and hence little overshoot (intoi-pretable as £ood 
low-frequency response), for which the magnetisin; incuotance must be 
high. All three of these parameters increase with increasing winding 
length; for a given core the magnetizing inductanjo ctnnot be increased 
to meet the requirement (2) without increasing ths other quantities and 
defeating requirement (l). If conditions (l) are osts.blished, improve­
ments in (2) oan be realized only by using a better ctre, whose reluctance 
must be low if the magnetizing inductance ie to hi high. Pulse length 
and pulse repitition frequency must be considered and an appropriate 
balance of transformer characteristics achieved, 'n'imett discusses these 
design problems in detail. 

The core found most suitable for use in Whirlwind pulse trans­
formers is constructed by winding a oontlnuous ribbon of a high-quality 
magnetic alloy about a rectangular mandrol. This process results in 
essentially a rectangular core which may then be rat zeroes its width, 
forming two C-shaped halves. Cores used in these ^.rarsformers are 
manufactured by Westinghouse from .001" :t -5" hipernil ribbon. 

The low-voltage winding of the transformer is wound on a 
paper tube whose inside dimensions correnpond to :he cross-section 
of the core. A proper thickness of paper is then placed over it and 
the high-voltage winding placed on thiB. Both solenoids are close-
wound to the same length, the correct turns ratio boirg achieved by 
using different wire sizes. Parameters of the equivalent circuit are 
determined by winding length, number of ^urns, in'sorwinding spacing, 
winding oiroumferonce, eto. 
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Core halves are insortod at both ends: of th>i paper tubo sunt. 
that a butt joint is formed. Thoy are held toother nder pressure 
by a stet'l band. Terminal luga and a suitable mountin; base aro then 
put on, and the transformer finished by appllontien oi' a proteotivo 
ooating. 

"G. n. Hoberg 

QGHib 

I 
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gJHKABY 

Analysis and design procedures are derived for app l i ca t ion to 

low-power pulse transformers including, in p a r t i c u l a r , the types expected 

to be employed in many c i r c u i t s of the e l ec t ron i c d i g i t a l computer of 

Projec t Whirlwind. Pulse iftcgtlll considered are between a twent ie th and 

a quarter microsecond. Although optimum reproduction ef pulse shape i s 

assumed to be a leading requirement, the procedures given are presumably 

general enough to be extended to appl ica t ions for which f a i t h f u l r ep ro ­

duction of input voltage or current waveform i s not necessary . 

Two d i f i e r e n t equivalent c i r c u i t s are presented, by means of 

which good approximate response ca lcu la t ions may be made for most c i r c u i t s 

which include pulse t ransformers. One i s a lumped-parameter c i r c u i t s which 

i s almost i d e n t i c a l to those used for audio t ransformers . The other 

rep laces the transformer by a "delay" or "lag" l i n e , and i s usefu l when the 

tu rns r a t i o between windings i s u n i t y . Curves and specia l techniques are 

presented to a id in the ana lys i s of these c i r c u i t s , and sample ca l cu l a t i ons 

of elements in the equivalent c i r c u i t s are given in an appendix. Applic­

a b i l i t y of the equivalent c i r c u i t s i s demonstrated by comparisons of 

observed pulse responses with those calcula ted from the equivalent c i r c u i t s 

fo r various pulse transformers. By means of these c i r c u i t s , pulse d i s ­

t o r t i o n produced by transformers i s analyzed and methods for i t s e l iminat ion 

a re derived. Experimental r e s u l t s are presented in the form of photographs 

of response waveforms as displayed on an osc i l loscope . • 

In the discussion wi l l be found a new method which takes into 

account non- l inear e f f ec t s of core mater ia l in t r e a t i n g magnetizing 

inductance and low-frequency response. For example, the decay of voltage 

across a winding i s shown to follow very near ly the exponent ia l law 
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e , here k is e constant , r r t h e r khan the usual e u which holds for 

the l inear case • 

Although each pulse tiv nsf or~er a p p l i c r t i o n requires , in general , 

a design and construct ion procedure different i ron any other, p few general 

design ru les mry be summarised ,".s iol lows: 

Core 

a. i.atcrial 

The core material should h- ve the highest possible permeability 

and should ,.roduce the lowest possible eddy current and hyster­

esis losses; hence it shuuld be a laminated iron ;Hoy 

(Hyperell, etc.) 

b. Size and Shape. 

The cure should present the shortest ..ossi'olc mpgnetic path 

length rnd therefore should be in the foro of o loop just 

long enough to hold the windings. Cr^ss-nec:ion ; rer should 

oe maximum consistent "it. ether conditions such as minimum 

wire length in a winding. 

'•indings 

a. iiumber of turns. 

/or P given core, the nuaDi of turns per winding determines 

the r-to of amplitude ecay in the _.ulse response. The number 

of turns should be great enough, ther fore, to limit the decay 

to a s eoifled maximum, ihe upper limit on number of turns is 

determined oy uistcrtion due to excessive ie.-i.-ge inductance and 

distributed capacitance, e on of which is proportional t,/ the 

number of turns. 
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. 

6345 
Heport K-122 Page 5 

b . Wire s ixe . 

The winding layer with the g rea t e s t number of tu rns should 

usual ly have the smallest wire size that may be safely used 

without danger of breaking. There are some ins tances , 

however, where wire size I3 determined by impedance level 

(Bee d. below) and la rger s i z e s may be requ i red . 

c . Geometry. 

If an adequate se lec t ion of core s izes i s a v a i l a b l e , the 

most sa t i s fac tory arrangement of windings i s that with 

a s ingle- layer primary and a s ingle- layer secondary. 

d. Spacing between windings. 

Everything e l se being held cons tan t , the spacing ( layer of 

paper) between windings determines the " c h a r a c t e r i s t i c impedance" 

(Zo), or impedance into which the transformer w i l l del iver 

the l e a s t - d i s t o r t e d output . For a two-winding pulse t rans­

former, the r e l a t ionsh ip i s 
377 * i 

Zo = - ^ p (-5—) ohms 

where c i s the d i e l e c t r i c constant of the paper spacer, f. i s 
a factor depending on geometry, fc-i i s the spacing in cm, and 
D i s the wire diameter. 

2. BBBMBBMBI 

The e lec t ron ic d i g i t a l computer of Project WHIMAv'IND wi l l consist 

of c i r c u i t s which must be capable of handling fractional-microsecond pulses 

of voltage or cu r ren t . Important components of these c i r c u i t s are pulse 

transformers of types which, unfortunately, are not yet commercially avai lable . 

In f ac t , the development of transformers capable of f a i t h f u l l y reproducing 

fractional-microsecond pulsee appears to be in a very ea r ly s t a g e . 

The most advanced information c u r r e n t l y avai lable on the subject 
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of pulse transformer design i s found in dec las s i f i ed K. I . T. Radiation 

Laboratory documents (Befe. 2, 3 , 4, 6, 10) . For the most p a r t , these 

r e p o r t s cover the ana lys i s and design of h igh-vol tage , high-power t r a n s ­

formers of the type used for dr iv ing magnetrons, whereas the computer 

c i r c u i t s of Project WHIRLWIND wi l l employ the low-voltage, low-power 

v a r i e t y , which require a somewhat d i f ferent design procedure. Problems 

of i n su la t ion and core s a t u r a t i o n , for example, wi l l be of l i t t l e or no 

importance. 

Though there are many more uses for pulse t ransformers , the 

p r i n c i p a l functions which they w i l l perform in the computer a re the 

fpilowing: 

a. impedance transformation 

b. phase inversion 

c. reduction of d-c resistance 

This report is concerned with pulse transformers to be used only 

for the above functions, and in circuits where the average power level is of 

the order of one watt and instantaneous power lees than one hundred watts. 

Analysis and design techniques discussed in the references are summarized, 

modified, and extended with particular attention to the applications men­

tioned above. In some instances, new approaches are introduced, as, for 

example, the application of the delay-line concept to response analysis in 

Section 3.4. Various kinds of pulse distortion introduced by transformers 

are explained, ;nd design procedures for minimizing objectionable distortion 

are outlined. Limitations are pointed out in order tc make clear the 

performance which may reasonably be expected from a pulse transformer. 
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The photograph? in ?i£R. 1 and 2 show traneformerB of the type 

to be discussed in t h i s r e p o r t . The sketch in F ig . 3 shows d e t a i l s of the 

physical pos i t ions of windings, e t c . A discussion of the d e t a i l s of con­

s t ruc t i on i s presented in Section 4 . 

Br ie f ly , a p . t . (pulse transformer) c o n s i s t s of two or moro 

coaxia l solenoids which r r e separated by c y l i n d r i c a l paper spacers , and 

through which pasaes one side of a closed loop of ferromagnetic metal (core) 

Because of the phys ica l arrangement, undesired capacitance e x i s t s 

between adjacent turns in a solenoid, or winding, and between windings. 

Also, when current i s applied in one winding, there wi l l be leakage magnetic 

f lux, in the region between windings, which does not enci rc le a l l t h r n s . 

These e f f ec t s and the inherent non- l inea r i ty of the core are d i f f i c u l t to 

take into account. However, simplified equivalent c i r c u i t s provide the 

bas is for a su f f i c i en t ly accurate a n a l y s i s . 

3 .1 Equivalent C i r c u i t s . 

A two-winding pul»e transformer, vhich i s the p r inc ipa l type to 

be coneidered, is shown in the schematic represen ta t ion of F ig . 4 . 

Dis t r ibu ted core and interwinding capacitances are shown as lumped para­

meters, C0 and C^, which are the Capacitances tha t would be found by d i rec t 

aeasurement a t low frequency (60 cycles) between the core and inner winding, 

and between windings, r e s p e c t i v e l y . 

An equivalent, c i r c u i t for an audio transformer i s derived by 

simple c i r c u i t theory in 3ef. 1 . An extension of that procedure to obtain 

a c loser approximation to a p . t . y ie lds the s l i g h t l y more complicated c i r ­

cu i t of F ig . 5 . All q u a n t i t i e s are re fer red to the primary, and an ideal 

transformer I s added in order to r ea l i ze the proper voltage t ransfornwtion. 

Wire r e s i s t ance i s neglec ted , since i t 1B usua l ly l e s s than f i f t een ohms. 
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Capacitance between adjacent turns of a winding i3 ignored since an ana lys i s 

s imilar to one used in Bef. 9 shows i t to be n e g l i g i b l e . 

3.11 Elements of the Equivalent Ci rcu i t of F ig . 5 . 

Capacitance CQ. The effect of energy storage in the capacitance 

between the primary winding and the core (which i s assumed a t ground 

po t en t i a l ) i s represented by C.» (prime indica tes reference to the primary) 
\j 

i 
Energy ca lcu la t ions show that C_ i s equal to one-third of the measured 

\j 

capacitance C . . (This assumes that the winding nearest the core i s ca l led 

the primary). Becuase C can usual ly be made snai l with l i t t l e sacr i f ice 

of other c h a r a c t e r i s t i c s , and because the energy stored in i t can be held to 

a r e l a t i v e l y low value by placing the low-voltago winding next to the core , 

in most cases C. may be omitted from the equivalent c i r c u i t . . 
u 

Capacitance CL The effect of energy storage in the d i s t r ibu ted 

capacitance between windings i s represented by C_. , 
i i 

"Squir t" Inductances, L. and L_. The e f f ec t s of so-cal led "squir ted" flux 
i i 

(Bef. 2 ) , which i s due to cur ren ts charging C. and C_ through the winding 
i i 

inductances, are represented by 1 and L_. Though included for completeness, 
i i i 

Iy, and L_ wil l be assumed negl igible compared to L and wi l l be replaced by 

short c i r c u i t s for the purposes of t h i s r e p o r t . 
i 

Coupling Capacitance, C . The coupling effect of the in t e r -
i 

winding capacitance i s represented by C , which i s given approximately 
ps 

by 8 . /n a for the pulse transformer of F i g . 4 . 

P r laa ry Inductance, L . The effect of that cur ren t which i s not 
* 1 E 

used to charge any capacitance (But which flows into the primary, yet not 

out of the secondary terminals) i s represented by L , the primary self-

inductance. The current drawn by £ may be cal led magnstizing oArrent 

since most of i t i s used in maintaining flux in the co re . Actually, t h i s 
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current has a r e a l component which provides hys t e r e s i s and eddy current 

loss , and i t s e f fec t may be represented separa te ly by r e s i s t ances R and 

a • (See Ref. 3 ) . However, for reasons v/hich wi l l appear in Section 3.21 
h 

the effect of the core wi l l be represented in t h i s report by one element, 

L : which a c t s as a very non-l inear induc tance . . 
P 

! 
Leakage Inductance, LT The e f fec t of energy storage in the 

h 
leakage flux i s represented by L. , which i s u s u a l l y defined by 2(L - M) 

L p 
or (1 - ks) L i whore N is the mutual inductance and k is the coefficient 

P 

of coupling. The concept of a coupling coefficient is notused in this 

report, however, because its definition involves the assumption that L 

is an inductance of fixed value. That this cannot be assumed will be shown 

in Section 3.21. 

3.2 A Simplified Equivalent Circuit. 

Removal of the negligible elements mentioned above from the 

circuit of ?ig. 5 leaves the more easily analysed circuit shown in Fig.6. 

The ideal transformer is omitted becauso it i3 not necessary for a fre­

quency analysis. 

3.21 Evaluation of the Elements. 
i i 

Leakage Inductance, L T. Because L , .. _. 
L L represents the efiect of 

leakage flux, which, by definition, is flux vhich strays from the core and 

meets with reluctance due primarily to air, it is independent of the core 

and is a function only of the geometry of winding. Energy considerations 
i 

may be used to ca l cu la t e 1^ as shown in App« 7 .2 , where i t i s obtained for 

the simple case of two s ing le- layer windings: If wire diameter 
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i s assumed to be negl igible compared with spacing between windings, the 
t 

expression for L becomes 
It 
, 4nU3UX. . 

L = J > — • 10" henries (3,1) 
w 

in which 1 = number of turns in the primary winding, 
p 

V = average circumference of the two windings (cm), 

I = winding longth (cm), 
w 

\ . = spacing between windings (cm). 

This neglects wire diameter, which is assumed small comppred to X.» 

i 

Expressions for 1L derived by a s imi lar method are given for more involved 

winding geometries in Eefs. 1 and 5 , A comparison of leakage inductance 

ca lcu la ted from Eq. 3-1 with the measured value i s given in ApiJ. 7,5 for a 

one-to-one p . t . 
i 

Dis t r ibu ted Capacltanco and C . The capacitance between windings 

may be calcula ted by considering the windings as so l id cy l indr i ca l shea ths . 

Since the spacing i s usual ly constant between them, the capacitance may be 

computed by considering the sheaths as p a r a l l e l p l a t e s with areas equal to 

the average area of the two shea ths . The capacitance between two adjacent 

windings i s thus found to be 
£ VI 

C. =0 .0885 — rtif. (3-2) 
i 

Now C_ may be calculated by determining the voltage d i s t r i b u t i o n 

along the length of the windings. The t o t a l energy, W, stored in a l l 

interwinding capacitances may be found and set equal to the energy s tored 
i 

in equivalent capaci tor &_, which w i l l have the primary voltage, Vp, 
ii 

impressed across i t (or V if C_ i s to be determined) in the equivalent 

c i r c u i t . Then 

* = >' Wi ' ? S Vp ( 3~ 3 ) 
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whence C„ = - " § - (3-4) 
VP 

where W ie a d i f ie run t function of tho r a t i o of secondary turns to primary 
t 

t u r n s , a, for each winding arrangement* Expressions for C_ in terms of n 

are derived in App. 7.3 for two p . t , c i r c u i t s . 

For the simple two-winding p . t . , the above formula gives (assuming 

a l inea r voltage d i s t r i b u t i o n along the length) 

c,' = — J - (v.* • v„ v m + v„*) 

P 

TJ ., 8 " A 3 A3 'CD CD' 

Here V and V-.,, which arc functions of n, are the voltage differences 

between adjacent winding ends as shown in Fig. 60. 

For an inverter transformer of the typo shown in Fig. 32, one 

obtains, on substituting for V,_ and V„_ in Eq. 3-5, 

C^ = — (n2 * n •* 1) (3-6) 

i 

Subst i tu t ion for n in t h i s expression shows thpt C_ i s j u s t 

equal to the interwinding capacitance for a one-to-one inver t ing p . t . , and 

for a two-winding voltage-stop-down inver te r approaches one-third of thiB 

value as n becomes small . 

Primary Self-Inductance, L , . "he magnetizing inductance, or 

primary sel f - inductance, i s the most d i f f i c u l t element to evaluate in the 

equivalent c i r c u i t . As defined in Section 3 .11 , L i s a function not only 
P 

of core mater ia l , but al60 of primary turns (N ) , pulse length ( T ) , primary 

voltage (E ) , and duty f a c t o r . 

If the core mater ia l were l i n e a r , i . e . had constant permeabi l i ty 

(p.), the general formula for inductance of a winding would hold, g iving 
4TT N2 Ay, 

P _ 9 L
p " ~ 10 henr ies , (3-7) 

m 

where A i s the c ross - sec t iona l area of tho core (cm2), and I i s the moan 
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magnetic path length (cm). 

However, since the above assumption does not hold, i t i s 

customary to define an "effec t ive" incremental permeabi l i ty , p, , which 
e 

taxes in to account n o n - l i n e a r i t y , as follows; 

H = -£-• (3-8> 
whereflB and 6H are t o t a l increments of f lux dens i ty and magnetic f io ld 

s t rength t raversed in a pulse loop ( h y s t e r e s i s loop obtained with pulso 

e x c i t a t i o n ) . 

If there were no eddy cur ren t s , (j, could bo subs t i tu ted into 

the formula for L , and the r e s u l t i n g expression would be found to represent 

adequately the ef fec t of the core . The q u a n t i t i e s , &3 and /i,H, are functions 

of core mater ia l and N . T , E , e t c . , howover, so curves would have to be 
P P 

constructed to show the dependence of _ on the di f ferent v a r i a b l e s . 3ef. 6 

d iscusses the va r i a t i on of |i with maximum flux densi ty and r a t e of change 

of f lux dens i ty , each of which are functions of the var iab les mentioned above. 

From fundamental cons idera t ions , 

(3-8) 

gauss, (3-10) 

where A is the instantaneous voltage across the winding. Thus — is 
P dt 

proportional to the pulse voltage, and 3 is proportional to the voltage 

time area cf the pulse. Hough slots of U vs — for different values of 
* o dt 

B show the following: max & 

d3 = 

dt 

max 

-"P 
:; A 

p 

i o 8 

:; A 
p 

i o 8 

•I 
T 

C3U86 
eCc 

S dt 
P 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



6345 
Hep or t H-122 JPnge 13 

d3 
1. At low — (small 1 )» fci approaches the d-c permeabi l i ty . dt p e 

(13 
C. At high —, p. approaches ze ro . 

dt © 
dB 

3 . At high Tr» P- i s higher for th inner laminations. 
dt e 

4 . Below s a t u r a t i o n , \i i s propor t ional to B • 

Now, if such curves could be obtained more accurately a t the low 

flux d e n s i t i e s to be considered here, they could be used to ca l cu la t e the 

magnetizing inductance, L , v/hich would have to be shunted by a res i s t ance 

to represent the e f fec t s of eddy currents and hys t e r e s i s , fief. 3 d i s ­

cusses a method for r ep resen t ing eddy cur ren t s and hys te res i s lo s ses for a 

known pulse loop, but t h i s io impractical un l e s s the form of the hys t e r e s i s 

loop i s known. A more simple method, vhich i s suggested in Hef. 2, i s to 

include hys te res i s e f f ec t s in L and add a shunt res is tance H to account 
m e 

for eddy currents. An expression for B in terms of transformer constants 
e 

derived by an approximation method in Hef. 3 is (for a laminated core) 

12 P N2 A 
a = i o h m B (3-11). 
0 d2 I 

• 

where p i s the core r e s i s t i v i t y (ohms-cm) 

d i s the lamination th ickness (cm) 

If i t is assumed t h a t the effect of the core may be represented 
by L in p a r a l l e l with H ins tead of by one element, L , i t should be 

m e ' p 

possible to make pulse measurements of the low-frequency response and obtain 
d3 

the da ta necessary to make p l o t s of u vs ~ and 3 . For t h i s purpose, 
• e d t max 

|4^ may be defined by the equat ion 

^a ^m _q 
It, = 10 3 , (3-12) 

4n K2 A 
P 
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f which is obtained from 3q. 2-7 with L substituted for L . 
m p 

The value of I> may bo obtained by comparing the observed pulse 

response of the primary in the ciurcuit of Fig. 7 with th;>t calculated 

for the circuit of i'ig. 8. The waveform across the winding is a pulse with 

exponentially decaying amplitude. The nato of decay is determined by both 

L and the added resistance, H , so the value of L may be calculated 

p p m 
(knowing 3 and H ) from the amount of decay in a givon t ime. Equations 

dB 
3-9 and 3-10 may be used to dotermino T~ and B for each set of data 

dt max 
taken with the circuit of Fig. 7. 

Curves A and B in Fig. 9 show plots of log u vs log B for K * • 0 max 
dB 

two values of ~ obtained by using the above procedure with a winding of 

thirty-six turns on a Hipersil core with two—oil laminations. Curves of 

dB 
constant 77 ( i . e . constant amplitude a t terminat ion of pulse) were obtained 

dt 

by varying 3 , pulse length and input pulse amplitude, the amplitude at the 
P 

end of the pulse being held cons tan t . In tegra t ion of the vo l t age - t ine area for 

f inding 3 was achieved by counting gr id squares included within the out-
max 

put pulse curve as displayed on an osc i l loscope . That curves A and B are 

meaningless and of l i t t l e use nay bo concluded from the fact tha t they 

havo unusual curvatures and even in t e r sec t a t two po in t s . 

If the primary inductance i s to be represented by one element, 

L , as in F i g . 7, instead of b.- the arrangement of Fig . 8, much more con­

s i s t e n t r e s u l t s would be obtained. Thu6, L may be ca lcula ted from the 

de<tay by using Fig . 7 as the equivalent c i r c u i t , and |t may be ca lcula ted 

from L by 3£q. 3-12 with L inser ted in place of L • Using t h i s scheme for 
p P ra 

c a l cu l a t i ng t_ and the same data used for curves A and B y i e l d s s t r a i g h t -

l ine curves , C and D, Fig. 9 . Besul ts of fu r ther experiments ver i fy the 

fac t that these curves are s t r a igh t l i nos a t l eas t within the range of flux 
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a 
densities and — used in the experiments (also in the range of most 

computer applications). 

d3 
P lo t s of log u vs log ~ for constant B , as shewn in T ig . 10, 

0 dt max 

are also found to be straight lines. These curves wore obtained directly 

from those of Tig. 9, and extended by extrapolation. However, measurements 

made on other sizes of cores and with other valves of Kp were found to 

check; reasonably well with these curves even in the extrapolated regions. 

A further justification for lumping the effect of the core into 

a single element is brought out in a study of the law of decay for the 

voltage across L in Fig. 7. '•'•'he decay is not exponential, as would be 

expected if the equivalent circuit of Fig. 8 were used. This nay be shown 

by calculating the value of inductance L required to produce the observed 

m 

decay at different values of pulse duration. Plots of such results show 

that L increases with time, but not according to any simple consistent law. 

Again, if the circuit of . ig. 7 is considered as the equivalent 

circuit, and values of L which will produce the measured decay are cal-

P 
culattd, the results when plotted disclose a very simple relationship 
between L and pulse duration. The curves of jigs. 11 and 12 show L 

P P 

plotted against time or pulse duration for several different cases as 

noted on the curves. Plots of ^ versus pulse duration are shown in Fig. 13. 

All plots, when made on log-log paper, show nearly straight lines. Hore-

over, the lines all exhibit slopes equal to or slightly greater than one-

half. Only near the high ends do some of the curves bend away from a 

straight line. The dependence of L , hence n , on time t after pulse 

P ° 

i n i t i a t i o n , may therefore be expressed within the s t r a i f ^ t l ino regions 

of the p l o t s as follows: 
1 ^ U _> t r (3-13) 
P • ' 
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_. 1 
where r S _ 

These experimental r e s u l t s appear to agree with the purely 

t h e o r e t i c a l r e s u l t s of Dr. L. A. HacColl in Hefk 7, where the ca lcu la ted 

va r i a t i on of K with time i s shown p lo t t ed on log-log scaled. That curve 

has a slope of exact ly one-half up t o long pulse durat ions , where the curve 

bends away s l i g h t l y from a s t ra igh t l i n e . 

3.3 Bcsponse of the equivalent Circui t Including external Slemonts. 

In operat ion, a p . t . wi l l be driven by a source having a ce r ta in 

amount of r e s i s t a ce and shunt capacitance to ground, and the transformer 

wi l l be terminated usua l ly by shunting res i s tance and capac i tance . Since 

the e f l e c t s cf these ex terna l elements i s genera l ly appreciable , i n v e s t i ­

gat ion of the p . t . response alone would be p o i n t l e s s . Therefore the c i r c u i t 

of F i g . 14, which includes external elements, wi l l be analysed. 

Beplacing the p . t . by i t s equivalent c i r c u i t and omit t ing the ideal 

transformer by re fe r r ing elements tc the primary s ide , the c i r c u i t of F ig . 15 

i s obtained. The elements of Fig . 15 are obtained from those of F i g . 14 as 

fol lows: 

. i 
C, - C -t- C ( i f C i s s igni f icant ) 1 P c c b 

81 " \ 

C2 = n = C
E * °D 

H2 " I? = H s 
i 

For s impl ic i ty , C i s omitted because i t s effect w i l l be negligible 

in most cases to be considered. 

• OL 
3 D 
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3.31 Influence of xiach Element on Hcsponsc 
t i 

Leakage Inductance, L, . Because L presonts a s e r i e s impedance 
u 

which increases with frequency, i ts effect is to a t tenuate the output a t 

high frequencies.- Consequently, i t has a delaying ef fec t on pulse response. 

Output Capacitance, C_. High frequencies are l ikewise a t tenuated 

hy 0o 'because of i t s shunting ac t i on which increases with frequency* I t 

a l s o cont r ibutes to pulse delay• 

Primary Inductance, L • For very high frequencies L ac t s as 
E P 

an open c i r c u i t and may be neglected.- For low frequencies , hov/ever, i t 

p resonts a shunting impedance which produces a t t e n u a t i o n . I t i s thus to be 

considered only with regard to "low-frequency" response. 

elements C. , H , R . Resonances wil l occur at c e r t a i n frequencies 

between C., Cpl and Ie. , and o s c i l l a t i o n s or "ringing" wi l l appear in the 

pulse response.- This r inging may be damped by H, and R . 
4- 8 

3.32 Square-Wavoi or P u l s e Rosponso 

For purposes of - 'nalysis i t i s convenient to reduce the c i r c u i t 

of J i g . 15 to i t s equivalent c i r c u i t , F i g . lb , for response to frequencies 

below the pass-band cen te r , and a d i f fe ren t one, F ig . 17, for response to 

frequencies above the band center* 

3.321 Long-Time Response. 

The response to low frequencies may best be determined by a study 

of the long-time response to a s tep-funct ion applied to the "low-frequency" 

equivalent c i r c u i t of F ig . 16. 

If L were a pure inductance, the pulso response of the low-

frequency c i r c u i t would be simply a pulse with amplitude decaying expon­

e n t i a l l y with a time constant given by L /RT. Because L i s a function 
p' L p 

of time as given by iq, 3-13, the actual observed decay may be expressed 
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by the equation 

where L i s a constant and I i s the inx.ut current a n p l i t u d e . 

f igure 18 shows a curve ( i ) of the response given by Eq.. 3-14 

and superimposed on i t a curve (3) of ordinary exponential decay with time 

constant L/B., where L is the inductance producing the same decay in one 

microsecond as curve A. Examination of the curves shows t ha t they 
i 

i n t e r s ec t at t = 1 , but exhibi t d i f fe ren t amounts of decay for other 
I 

values of t . 

The general effect of a decay of the type shovin in Curve A 

i s seen to be a peaking of the ear ly por t ion of the p u l s e . This may be 

explained by noting that the amplitude follows a parabola a t the beginning 

(when t < ^ L /B , JE J t ) instead of a s t ra igh t l ine as for ordinary exponential 

decay. 

The voltage backswing or overshoot at the terminat ion of a pulse 

a l so shows decay of the same form as that during the pu l se , but the value 
of L i s l e s s a t each value of time measured from the time of termination 

P 

than a t the same value of elapsed time during the p u l s e . 

Curve D of f i g . 11 shows L , for a pa r t i cu l a r transformer primary, 

p l o t t e d on log- log cooerdinates aga ins t time measured from the beginning of • 

the p u l s e . Curve I i s a p lo t of L on the same scale during the backrwing 

decay* for Curve H t ine i s measured from the time of pulse terminat ion. 

The ef fec t of a lower L a f t e r the backswing is to cause the 
P 

overshoot to decay fas ter , ' This i3 usual ly a welcome e f f e c t . 

Oscillograms f-6-6-8 ( f i g . 54) and f-7-1 ( f i g . 55) show decay 

(of the type discussed above) in the pulse response of primary windings 
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connected as in the c i r c u i t of J i g . 16. 

3*322 Transient He sponge 

Since the high-frequency response of a network determines i t s 

t r ans ien t behavior, i t follows tha t the high-frequency equivalent c i r c u i t 

of i"'ig. 17 may be used to study the t rans ien t response of a p . t . 

AS i t i s p r a c t i c a l l y impossible to obtain a general t r ans ien t 

solution for such a c i r c u i t , the best procedure i s to find approximations 

to the response for p a r t i c u l a r combinations of com.-onent va lues . However, 

some important f ac t s are brought to l igh t by a study of roo t s of the cubic 

equation which i s obtained in the exact ana ly s i s , For example, a general 

ana lys is shows that o s c i l l a t i o n s , or at l e a s t overshoots, wi l l appear in the 

step-function response for most values of loading. I t a lso shows that only whe: 

C2 Z 8 Oj 

27 
and L 2 64 H2 C l (3-15) 

will it be possible to realize critical damping. 

The case of transitional frequency respor.se (first, second and 

third derivatives vanish at drigin) for the circuit of Fig. 17 is considered 

in Hef. 8. Relations between the different elements obtained therein for 

the two solutions to the transitional case are presented in graphical form 

in Figs.. 19 and 20. The overshoot produced by step-function excitation is 

8»i;o for this case as calculated by S. A. Wingate. 

A satisfactory approximation to the actual response may be made 

for the cases whore either capacitor is loss than h;>lf the other by neglecting 

the smaller of the two. If 

Ci^ r 

u <c | i / 
ft 

I 

I 
L 
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the circuit of vic- 21 will yield practically the sam>; rise tine as bhat 

of Pif. 17, although the ovrshcet ind rin-iu any be slightly • afferent. 

Curves of tha stop function res >onse of this circuit are given 

in ^ig. 23 for several values of the :1a. Tin- factor, ), where 

r "i r i • 
< —, . i L. C , 

-J - [—J— + i | ja - ( * . i r ) 

;>y application of the reciprocity theorem an' general circuit theory, these 

curves may be a nl i •: d to ny variations of the original circuit. ^er 

example, they aopl .- to the circuit of ^i1;. 22 i" R, is allc:r-: to ro to 

infinity, ^or this case, 

II 

an-! the c i r c u i t t i n ' constant , used as a measure of t i e in i r . 23, becomes 

1 -,— . 
I - 3n 'L. 0 

y i j is 

Crit ical !ai ping occurs for any of these c i r c u i t s when - 2. As 

the damping'factor ieoreases t c . ' i rd zero, the overshoot increases toward 

one hundred p rcent . In general rln^inf becomes damped very quickly, as 

may e seen in the extended curve for ') = •' .3. 

3,33 "Low-frequency Vnalogues" 

Unfortunately, r e a t rimy pulse transformer c i r c u i t s are such 

tha t one nay not make the as sum • ions < f occticn 3.32 and obtain the response 

by the use of the set cC curves discussed, but must ac tua l ly solve the 

general equ Jvalent c i r c u i t of i f . 17, In order t o obtain bhe t r a n s i e n t 

res ;cn~e o. bhis c i r c u i t , a computer voul' he required to solve the cubic 

equation involved for each s e t of c i r c u i t cons tan t s . The most s u i t a b l e 

computer for solvin- such a system i s c l ea r ly the equivalent c i r c u i t i t s e l f 

with step-function ".' '.citation. 
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If such a c i r c u i t were bu i l t however, i t would be found that 

con t ro l of capacitance values i s l imitod by s t ray capacitancos which, in 

many cases arc of the same order of magnitude as the ac tua l c i r c u i t values . 

I t i s therefore advantageous to make a frequency transformation in the 

equivalent c i r c u i t by mult iplying inductance and capacitance values by a 

f a c t o r , k, which w i l l make c i r c u i t capacitance largo compared with s t r ays . 

This i s equivalent to mult iplying the time scale by K a l s o . UliGt should 

happen in one ..icrosocond in the ac tua l c i r c u i t w i l l thus requi re K micro­

seconds in the transformed c i r c u i t or "low-frequency analogue". 

Photographs 7-103-5, - 7 , - 8 , (F ig . 56) are oscil lograms of pulse 

responses of the low-frequency analogues for three p . t . equivalent c i r c u i t s , 

and Photographs P-105-1, - 2 , -4 show responses of the p . t . ' s for conparison. 
t i 

Values used for L and C_ in the analogues "ore obtained by d i r e c t measure­

ment as discussed in Section 5 . Data concerning c h a r a c t e r i s t i c s of the p . t . ' s 

and c i r c u i t values for the analogues are given in Section 7 . The frequency-

transformation fac tor K was chosen equal to the r a t i o of osci l loscope sweep 

speeds used. Thus the analogue photographs give tho response to a 5 .3 -

microsecond pulse displayed on a 5.3-microsecond-pt.r-inch sweep, while for 

the p . t . photographs a pulse of 0.23 microseconds i s used and the output 

displayed on a 0.23-microsecond-per-inch sweep. 

iimplitudos were adjus ted for the photographs by v a r i a t i o n of 

input cur ren t , which was supplied by a pulsed pentode (6AG7). Since th i s 

adjustment was made with the camera in p lace , there are d iscrepancies in 

amplitude which must be taken in to account in comparing the photographs. 

Thus, the response of analogue T39 i s nearly i d e n t i c a l with tha t of p . t . 

T39, although photographs J-103-2 and F-103-5 show an amplitude difference 

which night be in te rpre ted incor rec t ly as a di f ference in t r a n s i e n t response. 
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Photographs F-103-1 and F-103-8 for T52D5 exhibit tho grea tes t 

discrepancy found between analogue and p . t . Ringing appears in the analog'.iuo 

but not in the p . t . Attempts to introduce the loading duo to eddy currents 

by shunting a res is tance equal to R (see Section 3.21) across the input of 

the analogue fa i led to damp the ringing s u f f i c i e n t l y . However, i f th i s 
i 

r e s i s t ance were shunted across L , f a i r l y good damping could bo achieved and 

the r i s e timo made more near ly equal to tha t of the p . t . I t should be noted 

a lso tha t T52D5 has a tapered Bpacer between windings which may account for 

the lack of r ing ing . 

3.4 Special Case of n • 1; Analysis by Delay-Line Theory. 

The equivalent c i r c u i t s for high-frequency or t r a n s i e n t response 

discussed in Section 2.3 a re found to be inadequate to prodiict s a t i s f a c t o r i l y 

the response of a p . t . with a turns ra t io of u n i t y . To i l l u s t r a t e t h i s , tho 

response of a one-to-one p . t . w i l l be compared to that ca lcu la ted for tho 

equivalent c i r c u i t obtained as in Section 2 . 2 . 

For example, consider operation of T16 in the c i r c u i t of Fig f 24 

with R„ = H = 1P00 ohms, C = 0, C =10 nuf. The c h a r a c t e r i s t i c s jf T16 
P S p 8 " ^ 

are as fol lows: 
I = I = 118 turns p s 

-Ii. - 33pii (measured) 

0 = lCu+if " 

0. = 300+if » 
i 

Since the primary and secondary voltages are equal, C^ Is aero 
i 

C is just equal to C., and tho equivalent circuit becomes that of 
J-'S 1 

F i g . 25 if C (+ 3.3 ^nf) i s neglectud. A t r ans i en t ana lys is of t h i s 

c i r c u i t y i e ld s the response p lo t t ed in J i g . 26 (Curve A) « On the same 

graph, the experimental p . t . response shown in photograph F-5-7, F i g . 51 , 

i s sketched (Curve B), A comparison of the two curves d i sc loses no s imi la r i ty 
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in the r i s ing p a r t s of the responses. 

The s t a i r c a s e e f fec t in tho experimental response suggests 

ex is tance of some sort of r e f l ec t ion in thu p . t . windingI s imi la r to a 

Reflect ion in a t ransmission l i n e , "hat a two-winding one-to-one p . t . (or 

any pa i r of adjacent windings in a p . t . ) does have some of the p roper t i e s 

of a delay l ine i s e a s i l y provtid. 

3 .41 Delay-Line Fea tures of a P.T. 

Two windings may be shown to act a s a delay or lag l i n e i f a 

p a i r of adjacent winding ends a re considered as input t e rmina l s , and the 

other pa i r of winding ends considered as output terminals . The necessary 

condi t ion that a l ine possess both a s e r i e s inductive reactance and a 

d i s t r i b u t e d shunt copaci t ive reactance i s r e a l i z e d by a p . t , , a s i l l u s t r a t e d 

in the equivalent c i r c u i t of i'ig» 6, i f the v/indings have the same number 

of tu rns and are in the same sense (wound in the same d i r e c t i o n ) . I t i s 

c e r t a i n l y truo tha t an open-c i rcui t impedance measurement on the two-winding 

l i n e does yield a capaci tance equal to the d i s t r i bu t ed capaci tance , and a 

s h o r t - c i r c u i t measurement f inds an inductance equal to a sun of the winding 

seIf- inductances minus twice the mutual inductance, which i 3 , bjr de f i n i t i on , 
i 

equal to the leakage inductance, le.. 

Further v e r i f i c a t i o n of the exl3tance of delay l ine ac t i on nay 

be found in Hef. 9, where delay l ines are discussed which are constructed 

in the saiao manner as two-winding p. ' . . ' a but with windings wound in oppo­

s i t e senses and with no iron c o r e . The reason for the former i s to obtain, 

for the ser ies inductance per un i t length, the sun of the winding self-

inductance plus twice the mutual inductance. This provides a much greater 

inductance, and hence de lay , than if the windings were in the same senso. 

The effect of the core w i l l be discussed in Sec, 3 ,421 . 
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3.411 Delay 

According to t ransmission line theory the delay per u n i t length, 

T , , i s defined by the following: 
d 

Td - *M» 

whore L and Q are r e spec t ive ly inductance and capucitance per u n i t length . 

I t follows from t h i s d e f i n i t i o n that the t o t a l time delay, T , , of a pai r 

of transformer windings with t o t a l capacitance C. between them and leakage 

inductance LT wi l l be given by 

Td = v/VT (3-19) 

Since for a two-winding transformer with N turns in each winding 

4n N2 U \ 
-9 LT • 10 henries 

and 
0.0885 e TJZW 

C * ; 10 farads, 
1 \ x 

on subs t i tu t ion for LT and 8 the delay becomes 
L 1 

T = -y 0.0885 • 4TT II2 U2 c * 10 •a
1 

HJLjg _ (3-20) 
c 

where c i s the ve loc i ty of l i g h t . 

Note that the product 11U i s the average length of wire in a 

winding and c/ "Vc"1 i e the ve loc i ty of propagation of e lectromagnet ic waves 

in a medium of d i e l e c t r i c constant E and permeabil i ty u n i t y . Therefore, 

the delay may be said to be equal to the time of wave propoagation through 

a length of the in te rv ind ing d i e l e c t r i c equal to the average length of wire 

used in a winding, or 
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wire l e n g t h SO = ^ i g 

T d v e l o c i t y c / y t ' c 

3 .412 C h a r a c t e r i s t i c Impedance 

C a r r y i n g the d e l a y - l i n e c o n c e p t f u r t h e r , the c h a r a c t e r i s t i c 

impedance, Z , of a p a i r of w ind ings i s g i v e n a p p r o x i m a t e l y by the square 
o 

r o o t of t he r a t i o of s e r i e s i n d u c t a n c e p e r u n i t l e n g t h to shunt c a p a c i t a n c e 

p e r u n i t l e n g t h . Taking the t r a n s f o r m e r winding l e n g t h a s t he u n i t of 

l e n g t h , t h i s g i v e s f o r the p a i r of wind ings d e s c r i b e d above 

I = ,; ( 3 - 2 1 ) 

° < C 1 
S u b s t i t u t i n g a g a i n f o r L and E, '• 

L 1 ' 2 _ Q 

i 4n IT3 \ x • 10 

V I * 0 .0885 € I ' 10 
_w _ w_ 

, ' ' _ _ * n _ . 100C N 

• V .0885 i fT 
w ' 

377 (\\) 
= ~u~ Kv~1 ohm3' 

(3-22) 

Here 2 i s the w i r e d i a m e t e r . 

This moans t h a t i t should be por.'-ibli- to el iminate r e f l e c t i o n s 

i n such a p a i r of windings by p r o v i d i n g a r e s i s t ; : n c o of i ohms between 

a d j a c e n t winding e n d s . O s c i l l o g r a m 3 - 1 1 , x i g . 54 ( s ee page 1+9 f a r 

d i s c u s s i o n ) , i l l u s t r a t e s t he e f f e c t of v a r y i n g te r ra in . " t ion r e s i s t a n c e of 

a p a i r of p . t . w i n d i n g s . 

3 .42 Delay-Line Thuory Appl i ed t o a One-to-One P . T . V.'ith Windings 
In the Same S e n s e . 

3 .421 One-tc-One i J o n - I n v o r t e r . The s t a i r c a s e type of r e s p o n s e shown in 

i ' i g . 26 and o s c i l l o g r a m i ' -5 -7 ( ? i g . 51) may b^ p r e d i c t e d w i t h r emarkab le 

s u c c e s s by a p p l i c a t i o n of the d e l a y - l i n e c o n c e p t s of t he fo rego ing s e c t i o n . 

The c i r c u i t of i ' i g . 24 which p r o d u c e s t h i s p u l s e r e s p o n s e may be redrawn 

a s in i ' i g . 27 t o i l l u s t r a t e b e t t e r t h e d e l a y - l i n e e f f e c t . The c h a r a c t e r ­

i s t i c timpedence of p . t . T16 i s of the o r d e r cf a thousand ohms aa 
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ca lcu la ted from Eq» 3-21 

By transmission line theory the impedance seen looking into the 

y«t« between ends A and B i s a r e s i s t ance equal to the c h a r a c t e r i s t i c 

impedance, Z , u n t i l the short c i r c u i t a t the far end, CD, i s ref lec ted to 
o 

end AB» Thus if a voltage stop, £ . , i s applied a t time » = C, "the ntrfflitt 

may be represented by the equivalent c i r c u i t of F ig . 28 u n t i l twice the one­

way delay time has elapsed (2T ) . The pa r t of the output waveform sketched 
d 

in Fig. 30 for t < 2T, is obtained from an analysis of this circuit. Since 

t is equal to the potential across C , it must be an exponentially rising 
o s 

voltage with time constant 

H (a * z ) 
s p o 

(C ) = 0.0067 (isccs 
a • H„ + z 

p 2 o 

and mu3t r i se toward the p o t e n t i a l 

/ s 

a f a + z. 
p s o 

\ n. 
3 

where S. is the step-function amplitude and 3. • ! t ! • The input cu r ren t , 1 „ r p s o r 

*1 
I , w i l l approach "T-Z— • 

o 

At time t = 2 T . , the r e f l e c t i o n from sho r t - c i r cu i t ed end CD wi l l 
a 

arrive at end AB and cee across ^3 the network of Fig. 29. The current wave 

reflected fro;a CD will have the sane magnitude and will be in the same 

direction as the initial current. Heelecting the effect of C , the reflection 

u s 

coefficient at end A3 will be 

(Hp » as) - Z 0 I # 

( V *•> + Zo ' ̂  ~ 
1 / al I 

Thus a current wave of — / - I floving in the opposite direction from 
o ' 

the initial current will be reflected back toward CD, and the current at 
AB will increase by 
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a/Ji_ 
Sl 3 Z / 

a/a] 
e 

T h i s means t h a t £ w i l l i n c r e a s e by 
o 

I" T) ». = f V 
0' 

5 
The output thus becomes stepped up to — £.• The current wave of amplitude 
1 Bl 
— y v.'hich is propagated toward end CD is reflected, returns to end AB, and 
9 Eo 
decreases the current at that end to 

9 < Z0 ' 27 S 0 / 27 \ Z¥ 

16 "J-L 

Then S becjmes * r £ , • which i s so c l o s e to t h e f i n a l v a l u e of ~ t h a t 
o 27 1 c, 

f u r t h e r r e f l e c t i o n s need no t be c o n s i d e r e d . 

The e f f e c t of C on the r e s p o n s e i s shown in the s k e t c h of r i g . 3 0 . 

The waveform of t h e second s t e p , b e g i n n i n g a t t * 2 T , , uay be d e t e r m i n e d 

by f i n d i n g the r e s p o n s e of the c i r c u i t of i ' i g . 31 by o r d i n a r y d e l a y - l i n e t h e o r y . 

The inpu t i s tw ice t h e f i r s t r e f l e c t e d v o l t a g e wave, which h a s the sane 

e x p o n e n t i a l form a s the c u r r e n t t a k e n from t h e source d u r i n g t h e i n t e r v a l 
i 

0 C t < " 2 T . » The r e s p o n s e E of t h i s c i r c u i t w i l l be t he waveform of F i g . 30 
d " o 

i 
w i t h the o r i g i n s h i f t e d t o p o i n t 0 . Each succeed ing r e f l e c t i o n w i l l have a 

l o n g e r r i s e t ime t h a n the p r e v i o u s one because of the c h a r g i n g a c t i o n of C . 

C i r c u i t v a l u e s u s e d in the above a n a l y s i s a r e not e x a c t l y equa l 

t o t hose used i n o b t a i n i n g pho tog raph F - 5 - 7 , P i g . 5 1 . For example , t he 

measured va luo of Z i s abou t 1200 ohms, R, = 1100 ohms, and C i s somewhat 
o 1 8 

l e s s than 10 M+J.F. A l though v a l u e s were rounded off f o r s i m p l i c i t y i n the 

a n a l y s i s , compa r i son of the c a l c u l a t e d and e x p e r i m e n t a l waveforms shows 

very good a g r e e m e n t . R i s e t ime (0-95;») of the f i r s t s t e p i s a b o u t 0 .02 m i c r o ­

seconds e X 1 - r i m e n t a l l y and 2 . 9 x 0*0067 = 0 .019 mic roseconds a 3 c a l c u l a t e d . 

The a m p l i t u d e of th.. f i r s t s t e p i s t h r e e - t e n t h s t h a t of the i n p u t p u l s e (shown 

in 7 - 4 - 0 , i ' i g . 5 0 ) r s cor.p-'red to thi c ' l c u l ' t e d value of one t h i r d . However 
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if the exact experimental values of E, and 2 wore used in the ca lcu la t ion , r 1 o 

the value of one-third would be obtained. 

That the second s tep appearing in F-5-? (Fig . 51) i s a c t u a l l y a 

r e f l e c t i o n fron end QDi ad discussed above, may be subs tan t ia ted by 

at tempting to removo i t experimental ly . If de lay- l ine theory app l i e s , 

proper termination a t end CD could be achieved by in se r t ing a r e s i s t ance 

equal tu Z between C and D, and the f e f l ec t i ons would be e l imina ted . To 
o 

do t h i s , the c i r c u i t producing the pulse response shown in F—5—7 nay be 

revised by adding a r e s i s t ance of 10CC ohms (* Z ) between end D and grrund. 
o 

The r e s u l t i n g output at B appears in J-4— 23, Tig . 50, and shows thr t the 

6tep has been completely olimiru-ted. Vfaveforns appearing a t A and D are 

shown in F-4-22 and F-4-24. The pulse a t D i s delayed by the one-way 

p . t . delay as shown by the sna i l negative pulse coupled d i r e c t l y fron the 

input pulse preceding the nain pos i t ive pulse in F-4-24. 

The for-.going de lay - l ine analys is ignores the fact tha t p o t e n t i a l s 

are sot up between ends of the same winding. 3ven in the &.£• coax ia l -

solenoid type of delay- l ine discussed in Kef. 9, such p o t e n t i a l s would 

induce appreciable magnetizing current and lead to very poor low-frequency 

response. However, the i ron core in a transformer type of l i ne a c t s to 

minimize such magnetizing cur ren t by providing a high self - inductance in 

the winding. 

In an analys is of the c i r c u i t of F i g . JA taking into account the 

low frequency effec ts mentioned above, the magnetizing current flowing 
for CV- t<-2T. wil l be neglected since i t i s smal l . For t ; ; -2r . the d d 

voltage drop between ends A fnd 3 i s very nec r ly aero, r,o i t w i l l be assumed 

tha t the po ten t i a l s across the two windings are equal , i , e . t ha t a l l 

r e f l e c t i o n s are completed. This means tha t the output vol tage , 3 = S / 2 , 

appears across both windings. Tor t h i s p o t e n t i a l to e x i s t , a magnetizing 

current must flow in th. primary winding. This current should increase 
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S« I - (K/L, )t' 
according to tho funct ion — j l — 0 'T? ? whore R Is the res is tance 

Kp (. -' ' 
of tho p a r a l l e l combination of H and H • This becomes, as in Section 3.32, 

where L is a c o n s t a n t . Since the magnetizing current must flow through 

tho pr inary to ground, I wi l l bo grea te r than I by tho amount of tho 

magnetizing cur ren t I • This I wi l l increase and I w i l l decrease according a p s 

to the law mentioned above u n t i l the pulse i s terminated or u n t i l no voltage 

drop appears ac ross tho windings. 

3.422 One-tO-Ono I n v e r t e r . 

If a one-to-ono p . t . with windings v;ound in the same sense i s 

used with secondary connections reversed, a s in ? i g . 32, i t w i l l act as 

a phase i nve r t e r . Again, t ransmiss ion- l ine action i s exh ib i ted , as may e a s i l y 

bo seen from tho same c i r c u i t redrawn in i ' i g . 33 with C and 0 omitted for 
p s 

s impl i c i ty . 

Referring to si^. 33 , oj, r a t io . , n: y be analysed by transmincion-

l ine theory with 3. ,-icting as the :;ource ir.i^edance and 3. as the l ine 
p s 

terminat ion. I t wi l l bo noted th--1 t h i s c i r c u i t d i f f e r s from the usual l i n e 

c i r c u i t in that tho conductor grounded a t the input end i s not the same one 

as is grounded a t the output , ' ' - th the General e l e c t r i c Conprny, coaxia l -

solenoi typo of delay l i n e , thin would lep-d to very poor low-1'reu.u.ncy r e s ­

ponse, but the transformer l in^ .-dapts i t s e l f eas i ly to 3uch operr t ion by 

v i r t ue of i t s iron co re , which, as sho"'n before, mpkos i t poss ible for n 

p o t e n t i r l to e x i s t .--cross each winding lo r F re.- sonable t ime. 

If the in^ut voltage i . , F i ^ . e>3, i s n steji function beginning a t 
*1 

time t = 0, and current I ••• - —- will flo« into the p.t., producing 
LQ Y p O 

a volf.ago drop , -——7—JE between A and 3 . -h is voltpge " / i l l bo j-ropegrtcd 
\ H

p
 + "0 / l 

d e n th . so-c-lied, t ransmission l ine toward 1 nd CD, which i t - i l l .-.ach at 
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repor t i t - lJ 

t ine T , . How if 3 = i. there w i l l be no re f l ec t ion fron end CD, and d s o 

current I wi l l flow through B , producing a negative volta,^ of magnitude 
P s 

'' 3 
S ' t* \ 

. • _ 0 \ 

3 + 3 ^1 - , —: i , at D. Because end & 

s 3 * 4 1 — -_, 

is rounded, a potential of thi t nrgnitude must rppenr across erxh winding. 

.^gain, 1 • i.l split up t junction i), allo-in.: magnetizing current I to be 

diverted fro..', the load, 3 , find flo" directly to ground. 

.lis will cruse the output mplitude to decay according to the 

lav: discussed in >ectio:i 3.21. .he output voltage, _ , is t..us r decaying 

stoo function which is delayed by tine T . ^his delay is shovn in photo­

graphs j-5-lu and jf-5-17, iig. . , which are double eXj. or surer, showing the 

in_ut wa.vefor i (negative pulse) at A and the output '•>avefor:.i (positive pulse) 

• : 1 sup rimposed on the sane tine axis. 

C cillograo if—5—1 (?i . 51) shows the response of Clo connected 

PS in the circuit of jig. oJ with 3 = 11O0 ohms, 3 = 1000 ohms, C = 0 

p 6 p 

S3 • ? M+rf< Because oi the high value of H in 116, very l i t t l e decay can be 

not iced . 

O.MO e f f ec t s c: Capacitive Loading en a One-to-One Inver te r . 

In nos: amplicat ions, capacitance G ' i l l ex i s t cr^ss 3 due to 

tube in~ut Jap,-citances, e t c . connected across the output. r .his aeons a. 

t r a v e l l i n g wave front wi l l not see the c h a r a c t e r i s t i c inpedrnce at end CD 
for en, value of 3 . Instead, c. acitnnci C - i l l effectively charge through s - s 
the l ine impedance in paral lel i th E , an an invert! 5 r e f lec t ion wil l oe 

s 
sent or-cx to'.1: rd end Ad. If 3' = ~ , he reflection will see the proper 

P o 

ti nailli t ion and no fur ther r e f l ec t i ons wil l ensue, i'he out ut wil l be an 

exponential ly r i s i n g voltage < i th time constant 3 Z (C ) / ( 3 + Z ) . 
;i C S S 0 

Gscil logr. ./. i ' -5-l i ( : i . ' . ii^), shown the wavef or. s - t . .• n.1 D for :.lo in the 
c i r c u i t o: Jfig. c2 " i t : . 3 • R + 1300 ohms, G • 0, C + 7 iit*f. -he 

s _J s 
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r e f l e c t i o n due to ca±<acita:>c. C may bo seen on the negative _<ulso which 

p .^oara a t A. She output (pos i t ive u l se ) exh ib i t s only a slov; r i s e . This 

r i s e t.mo (0 to 95',J) i s of the order of 0.05 microseconds, which checks well 

with thf t ca lcu la ted . (B Z Cr/(."<^ + 2 ) • .0162 p,soc, g iving a r i se time 

of 2.9 x 0.16c = 0.047 M.cec). 

No" if H 4 Z and/or a capacitance C ex i s t s across H , fur ther 
P o P p 

r e f l e c t i o n s eccur • hich lone t he i r sc.ua re stop-liKe edges, ! nd in tllC 

extreme c--se the n f l e c t i o n s v/ill appear as damp> d o s c i l l r t i o n s in the output . 

In othe-r ords, the- de l ry - l i ne and capaci tances tend to form a resonant c i r c u i t 

which produces sine wave* '"hen exci ted by a voltage s t e p . Such o s c i l l r t i o n s 

may be seen in oscil lograms F-118-20, P i g . 57, F-118-2*, F i g . 58 and i~lZ-19, 

T i g . 54 . 

3 . t t e l iminat ion of Osc i l l a t i ons in a One-to-One Inve r t e r . 

In most amplications of a ono-to-one inver ter , o s c i l l a t i o n s such as 

those above are undesirable in the output . However i t i s poss ib le to e l iminate 

ther. without serious l o s s in amplitude or r i s e time in most c i r c u i t s by the 

aethod described below. 

Usually an inver ter wi l l be connected in the p l a t e c i r c u i t of a 

pentode as in P ig . o-», and hence wil l be driven by what i s e s s e n t i a l l y a 

cur ren t source. The c i r c u i t may be redrawn as in f i g . J5 to i l l u s t r a t e 

delay l ine ac t ion . Obviously, the l ine i s not tcralB ted properly at e i t h e r end, 

and unwanted r e f l e c t i o n s ar^ apt to r e s u l t . If i t were poss ib le to terminate 

the l ine iu i t s c h a r a c t e r i s t i c impelar.ee p.t j u s t one end, there would be, 

a t the most, one r e f l e c t i o n . This may be accomplished a t end CD by BB a r t i f i c e 

a s discussed below. 

Instead o; connecting point C d i r e c t l y to B+- (or pulse ground), l e t 

i t be connected to B+ through the p a r a l l e l combination of an inductance L and 

a res i s tance JL a s in x i g . J O . The r e s u l t i n . , de lay- l ine c i r c u i t i s then 
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that oi iTig. 37. 

i'ow if B. m R. • Z • and L^ i s made equal to i 2 C , the ex te rna l s H o H o s 

impendance across; end CD is a r e s i s t ance of Z ohms a t a l l f requencies , and 

the l ine is terminated proper ly . 

The t r a n s i e n t response m; y be calculated by using the equivalent 

c i r c u i t of F i g . 38. Because the L-.-Rj.-K-C network a c t s as a pure r e s i s ­
tance equal to Z , the current I nay be eas i ly calcula ted to be 

o s 

I • X, U - »-tlZo°P) 
s 1 

where I , is the amplitude of I , which i s assumed to oe a steu function. 
1 P 

Photographs of pulse responses of two inver ter p . t . ' s v i th and 

without such compensating networks are shown in i ' ig . 57 and 58. photograph 

y-\18-24 shows the output waveform oi T66C with a 0.2 microsecond in^ut 

current pulse and no compens.-.t ion. The c i r c u i t is th? t of i i g . 34 '-'ith 

C r 19 uuf and H = 1000 ohms. The c h n r a c t e r i s t i c impedance of T66C i s s ^ s 

approximately 1000 ohms. Photograph F-116-25 i s the output with the proper 

compensating network as in J ' ig. 36. Photographs P-118-20 and F-118-23 

show the corresponding output pulses of T63C2 vi th an in^ut pulse of 0.05 

microseconds durat ion . 

3.<±5 One-to-One P.T. with Windings in Opposite Senses. 

If one of the windings of a two-winding one-to-one p . t . i s 

wound in the opposite sense fro. the other , the de lay- l ine effect i s not 

found. This may be shown to DO a reasonable outcome by attempting to 

consider such a p . t . as a delry l i n e . If i t acted os a delay l i n e , i t s 

se r ies element would be, as in Hef. 9, ;..n inductance e.|Ual to the sum of 

the two se l f - inductances plus twice the mutual inductance, or a l together 

about four t i i .es the prim-ry inductance. This amounts to several hundred 

times tiie lep.-jige inductance which acted as the se r i es element in Section 

3.42, so the c h a r a c t e r i s t i c impedance and deloy would be very much hi<<her 
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for the same interwinding spacing than for the p.t. of Section f.ki, As a 

result, the coupling effect of the interwinding capacitance completely 

overshadows its effect ao part of a lino. 

The coupling effect of the interwinding capacitance is illustrated 

in Fig. 39 through Ul for the p.t. discussed above when connected as in 

Fig. 3?» in these figures, each arrow represents a portion of current. 

Fig. 39 represents the situation shortly after a voltage step 

is applied at the input. Of four units of current entering the primary 

at A, one unit is coupled via interwinding capacitance to B and ground, 

one unit flows dovn the primary toward C, and two units are coupled across 

to the other winding and proceed along the path of least impedance toward 

end D. Of the latter two, one unit flovc through Re to ground, and the 

other is coupled back to the primary by the interwinding capacitance near 

end CD. 

Fig. kO shows the current distribution a short time Inter while 

the current in the load, RSl is still increasing. At this time current 

in the interwinding capacitance is beginning to decrease because that 

capacitance is now almost fully charged. Ordinary transformer action now 

starts to become evident, i.e. the amount of current floing in the 

secondary approaches that in the nrimary. 

Fig. ^1 depicts the quasi-steady-state condition which occurs 

after the interwinding capacitance has become fully charged and the p.t. 

is acting as an ordinary transformer. (I'agnetizing current is neglected.) 

These diagrams indicate that for a p.t. with windings in opposite 

senses the current in the load, RSl begins to build up immediately after 

application of voltage to the nrimary. To delay occurs as for the p.t. of 

Section 3.^1| since current can flow into the load before all interwinding 

capacitance is charged. 
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Although the delay-line analysis technique is not applicable, 

the equivalent-circuit method of Section 3-3 mny ^e used for a p.t, with 

one reversed winding, provided CpS is included in the equivalent circuit. 

In fact, application of this method suggests a scheme for minimizing the 

effect of interwinding capacitance. 

If a p.t. of the type mentioned at>ove is connected as ir. the 

circuit of Fig. 2̂ -, and a positive pulse applied to point A, a negative 

pulse of the same amplitude will appear at B. The interwinding capacitance 

at end AB therefore has impressed across it a pulse voltage equal to tvice 

that of the output, while at end CD, which is connected to ground, there is 

no voltage across the interwinding capacitance. Accordingly, energy stored 

per unit length near end AB is large and contributes greatly to the total 

energy storage, while energy stored near end CD contributes very little. If 

the interwinding capacitance per unit length at end AB could be made suffi­

ciently less than at end CD, a more uniform distribution of energy storage 

and perhaps a decrease in total storage may be achieved. 

In practice, this may be accomplished by merely increasing the 

spacing between windings at end AB, Fig. 2h, and gradually decreasing it 

toward end CD. This may be done in such a way that the leakage inductance 

will not be affected but that capacitance C\, which is determined by energy 

storage, will be appreciably decreased. Experimental p.t.'s constructed 

in this fashion exhibit the same pulse delay and rise tine as an inverter 

p.t. which does not have a reversed winding, but has the same leakage in­

ductance and number of turns. Ringing, however, is generally of different 

amplitude for the two cases. 

The nor.-unifcrm spacer discussed above may also be used in many 

other types of p.t.'s in which the pulse voltage across the interwinding 

capacitance varies from one end to the other. By this means, C'E may be 

decreased by as much as thirty per cent. 
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i+. nssxcai Aira CONSTRUCT i on 

U.l Requirements 

?or the purpose of t h i s report i t i s assumed that a P«*» should r e ­

produce an input pulse shape with the best poss ib le accuracy. Accordingly, a 

p . t . must be designed to meet the following pulse-response requirements! 

a. Minimum decay of o i ut amplitude during 
the pulse (good low-frequency response) 

b. minimum r i s e and f a l l times (good high-
frequency response) 

c. minimum of ringing and general d i s t o r t i o n . 

Requirement (a) may be rea l ized , according to Section 3»31i °y 

making L as l a rge as poss ib l e . Reference to the formula for L , 2q, 3-7i 
? P 

shows that t h i s may be done by making N , A, and n largo, and by minimizing 
P ° 

X> . Photograph ? - 7 - 3 , Fig . 55i i l l u s t r a t e s the effect of ^ on decay. Jor 
the uvoer waveform, \x i s high due to the i ron core, while for t h e lower e 
t r a c e , i t i s only that of a i r . 

i 
Requirement (b) may generally be r ea l i z ed by making both L and 

i L 
C. as small as poss ib le , thus minimising the Kroduct L. C. . Tor a given turns 

1 r ' r L I 

r a t i o and typo of winding geometry, th i s product i s proport ional t o "&3S, 
P 

which i s the square cf the wire length used in the primary winding. Rise 

and f a l l t imes Bay therefore be miniaizod by using the shortes t poss ib le 

length of wire . 

Requirement (c) may be; r ^ r l i z e l for a given c i r c u i t appl ica t ion 
l i 

by obtaining the proper r a t i o of LT to C- in addit ion to minimizing them. 
L -J 

A good general rulo to follow is to satisfy at least one of the following 

relationships 

Zo " Bp C " ) 

Z = R (U_2) 
o s ' 

I u 
v.'here Z and Z are respec t ive ly the c h a r a c t e r i s t i c impedance of the o o , , 
primary and the seconaary. Subst i tut ion of LT and C_ y i e l d s , for a two-

winding p . t . , 

0= =^n= 
V 
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where f]_ io the capacitance ratio C'j/C^ as derived in App. 7-3 a11^ given 

in the curves of Fig. 62. 

It should he noted that the product L£ C4, is a function only of 

wire length and is independent of the variables \^ nnd J)v which determine 

Z . This suggests a scheme for finding more accurately the optimum ratio of 

LT' to Ci . A3 soon as the low-freauency response and winding length are 

fixed, the product Li CJL io determined. It is therefore Dossible to set 
' - L P 

up a low-freauency-analogue circuit as discussed in Section 3• 33 an'i vary 

the ratio of Li to CX in that circuit, holding their product constant. 

The -values of Li and CM which produce the optimum response in the analogue 

circuit should then he correct ones to design for in the p.t. 

Unfortunately, (a) and (b) are conflicting requirements. The 

first reauires a large 1J while the second requires a small N ; the first 

P P 

requi res a largo core c rocs-sec t iona l area , A, while the second requi res a 

small winding circumference, U. For a specif ied maximum decay of pulse 

amplitude there i s , the re fore , a lower l imit on the r i se time which may 

be obtained for a given impedance l eve l . 

U.2 Limitations 

In formulating design spec i f ica t ions i t i s important to keep in 

mind the f ac t that an ac tua l p . t . can in general perform no b e t t e r than an 

idea l transformer. For example, consider a vol tage step-up p . t . (ni> 1) to be 

used in the c i r c u i t of F ig . lU, Let R = 1000 ohms, R - „ , C • 10 waf, 
p s p 

C = 15 V.\±f, (a 6AG7 feeding a 6A37, for instance), and n • 2. Consider-
G 

ing the p.t. as an ideal transformer, a calculation of rise time (0-95^) 

gives 0.2 microseconds, hardly short enough for a 0.05 microsecond pulse. 

It would not be sensible, therefore, to specify a rise time any less than 

C ? microseconds for a p.t. used in this circuit. 

The conflicting requirements mentioned in Section U.l also 

impose a serious limitation on reasonable specifications for p.t. response. 
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It is generally impossible, for example, to design a p.t. which will pass 

satisfactorily both a very short pulse and a very long one. 

An exception to the above limitations m.ay be found in the one-to-

one-ratio p.t. discussed in Section J.Ul. The response rise time for step-

function excitation is practically independent of the product XJ Cf and 
hence of 1-T for this tyoe of p.t. Accordingly, the conflict mentioned in 

r> 

Section U.l does net ar/cly and IT may be r.ade as large as nece.-?->rv without 
p 

sacrifice of rise time. However, the tine delay, f , introduced by the p.t, 
d 

wi l l be a function of L' C , Bad. ir. those cases "here a Ion.-: delfts i s as 
L D ' ' 

objectiona'ole as a long rise tine, a conflict still prists. 

U.3 Core 

t k,31 Material 

From the discussion of Section -+.1, it la peer, that the core 

should have the highest possible effective r.erneability ( u j . This moans 

that the core material should provide both a high incremental permeability 

and low losses. (According to the definition used in Section 3.21, 
LD-''ir. -9 

1, • K"_ -TJT-» 10 . vhere L is determined from, the droop in mlse 

response.) 

Low cere loss is achieved by using laminated ceres with very thin 

ir.julated laminations made of high-resistivity material. The effect of 

lamination thickness (d) on core loss may be seen by examination of ?,o. 3~H, 

in which d aprearo in the denominator cf the expression for Rp. The smaller 

the value of d the larger will be R , hence the lower the cere loss with 

its accompanying objectionable attenuation. 

Several different alloys have been developed fcr producing a high 

resistivity and high r.erneability at low flux densities. Some of these 

are: Kolybdenun Permalloy^ Ko, 79£ Fi, 17<'?e); Tunetal ( 7 ^ Fi, ?C, Fe, 

% Cu, If I'n); Hicaloi and U5 Permalloy (Iron with It5-50"S ri); Kirersil 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



63^5 

Report R-l?2 page 38 

(Iron with about 3-5f<> Si). Special annealing and rolling processes have 

been developed to improve further the characteristics of these alloys. 

Rolling orients crystals of the metals in a preferred direction so that 

the edges are essentially parallel, Kagnetizing force is thus considerably 

reduced and permeability increased, 

The curves of Fig. 13 provide a comparison of three core materials 

tested under identical pulse conditions. These show that Kumetal is some­

what superior to both Micaloi and Hipersil, at least for the particular 

impedance level, pulse lengths, etc., used in the tests. 

A good qualitative comparison between Kumetal and Hipersil cores 

is found in Photographs F-6-6 and F-6-8, Fig. 5U. ~he first is the pulse 

response of a winding with a core of Kumetal. The second is the response 

of the same winding '''ith a Hipersil core of the sane cross section. 

These photographs show a decidedly greater pulse droop for the Hipersil 

than for the Kuaetal core. 

P.t.'s for the computer of Project "hirlvind will probably use 

Hipersil cores exclusively because of their good mechanical design and 

availability, even though they do not have the best electrical properties. 

Hipersil cores produced by '.'estinghouse "lectric Corporation are formed 

in closed core loops which are cut into c-shaped halves whose cut ends 

are ground smooth. It is then a simple matter to insert them into 

preformed windings and apply a metal band to held the butt ends together 

under pressure. A mounting plate is also easily attached with the 

band (Fig. 3)-

Kumetal core material is usually manufactured in the form of 

single c-type laminations (examples shown in Fig. 1) which must be 

applied to a winding by interleaving one by one. Photograph FB-?0, 

Fig. 1, shows steps in the construction of a p.t. with Kumetal 

laminations. 
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U.32 Size of Core. 

The core size is determined by the requirements mentioned in 

Section h.l. Size must be such as to oresent the shortest possible 

magnetic path length, <f_, and the greatest cross-sectional area consistent 

vith a minimum length of vire per winding. Calculations fcr determining 

optimum shape are difficult because of the non-linearity of the core 

material; an experimental procedure is ouch more practical. 

A direct experimental method for selecting the proper core is to 

choose a length of wire as close as possible to that which will be used in 

the primary winding of the p.t. to be designed. It must also be of the 

same diameter cr gauge as that used in the p.t. This length of wire is 

then wound in a single layer (assuming that the primary vill have a single 

layer) on the available types of ceres having different sizes and shapes 

(some of which may be eliminated because they do not have sufficient 

window length for the winding). The resulting inductors are then compared 

in the circuit of Fig. 7 ty applying a pulse of the length to be employed 

in the p.t. being designed. The value of R_ should be such as to 

represent both primary and secondary loading to be used. Responses are 

judged according to the amount of droop exhibited: the inductor giving 

the least drcop has the most satisfactory core. 

Tested by the above procedure, the best core will be the one 

which has a window just long enough to enclose the winding. This, 

however, assumes that all possible sizes and shapes of cores are 

available for the test, '''hile actually only a limited number are 

obtainable at this time. The best assortment is supplied in Hipersil 

material (which is a further reason for using Kipersil cores in the 

computer of VWX). 
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U.33 Lamination Thickness (d) 

It is well known that eddy currents in a core tend to decrease 

flux density nt the center, thereby decreasing the permeability; that 

laminating the core counteracts this effect; and that increasing the 

resistivity of the laminations lowers core looses due to eddy currents. 

For pulse applications it is .found that, ether things being equal, there 

io an optimum lamination thickness for each pulse length. For example, 

a Hipersil core with ?-mil laminations is better for a 2-microsecond pulse 

than one with 1-mil laminations, while for a O.C5-microsecond pulse the 

1-mil laminations are superior. 

As the lamination thickness is decreased, the ratio of iron 

cress-sectional area to total core cross-sectional area (stacking or space 

factor) becomes reduced because of an increase in number of laminations 

necessary. This lovers the core efficiency and tends to counteract the 

improvement mentioned above. The latter effect is negligible, however, 

for the cores that are currently available, as may be seen from the 

stacking factors specified for the Hipersil material: for 2-mil material, 

the stacking factor is given as 8°^; for 1-mil material, it is SS^. 

The optimum lamination thickness may be determined 

experimentally by exactly the same procedure as suggested in Section 

3.22 for finding the optimum core size. Fcr present computer applica­

tions this will involve merely the comparison of two different Hipersil 

lamination thicknesses, 1-mil and 2-mil. 

U.U v/indingc 

U.Ul Number of turns per winding, H€ 

The number of turns in a winding is determined by renuirrmrnt 

(a) of Section h.l. For a given core, the value of X- may be calculated 

approximately by using curves as in Fig. 9 and 10. The procedure is to 

sketch the desired pulse response, with its allowable droon, for the 
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winding connected as in Fig. 7 and obtain its voltage-time area and 

amplitude. The3e quantities may fee sufeGtituted into Equations 3-9 and- 3-10 

dB 
to get 3 m a x and ^ , using a trial value of Up, The graphs of Fig. 9 or 10 

are then entered to ofetain u , which may fee substituted into "q. 3~7 to 

find Lc. Using this value of L_, the droop is calculated. If it does not 

check with that of the sketch, a new value of F is assumed and the whole 

procedure repeated until a check is obtained. 

The final value of jr. may fee obtained fey experimental measurements 

of the response. In many cases the afeove procedure for finding an 

approximate !T may fee replaced fey a good estimate feased on experience or 

fey testing a numfeer of windings. 

The numfeer of turns in the secondary '-'inding (Fs) ofeviously will 

be nN . It is important to note here that for purposes of analysis either 

winding may fee called the primary. 

k.k? '.fire Size 

For a given Hp, the wira diameter, Dp, determines the length 

of winding, * (=-'-cA:)i an^ *w cUt ermines I , which must fee large for 

large »w. Therefore, in order to minimize X'm for requirement (a), the 

wire should fee made as small as possible. Th<- lower limit on wire size 

is fixed by mechanical strength, the smallest reasonable size being 

about 39 A.'".3. In general, the wire used in the winding with the 

greater number of turns should be about this minimum size. 

'Vire. size also appears in the expression for characteristic 

impedance, 2 0, given in Eqs. }.-?? and U-3, and in many cases it "ill be 

determined by Z0 rather than by requirement (a), aa discussed above. 

U.U3 geometry 

3y winding geometry is meant the arrangement of windings in 

the primary and secondary. The secondary may onsist of two windings, 

for example, one on tither side of m single primary winding, opposite 
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ends of the two windings being connected; or the primary and secondary 

may have ''indinga on both legs of the cores with appropriate inter­

connections. Only the fundamental case of a single primary winding and 

a single secondary winding will be considered here; nore windings are 

added only lor fcbo purpose of obtaining a higher value of L,., ̂ nd in 

this report it is assumed that sufficiently high varavs- of I,r can be 

obtained by proper choice of cores. 

U.UU Spacing between windings (\̂ ) 

Vinding spacing is important in determining the characteristic 

impedance. For a given wire size, £ 0 is directly proportional to \± • 

For a desired Z 0, 2q. U-3 may be solved to give the value of \^ . 

Spacing \iis controlled by the number of layers of paper and the thickness 

of the paper placed between windings. In low-voltage p.t.'s, insulation 

considerations rarely determine the type of paper and value of \± . 

Section U.l discusses a method for determining the best ratio 

of XJ to Cp and hence Z0. Section 5-^ describes a procedure for measuring 

the value of Z0 and thus for determining whether or not the spacing in 

a particular p.t. is correct. 

I+.U5 Spacing between Inner 'finding and Core (XQ) 

The layers of paper applied between the inner winding and the 

core govern the core capacitance, C0. As pointed out in Section 3-H. 

this capacitance nay be made negligible by reducing it to the point 

where one-third of it (CQ) is negligibly small for the impedance level 

of the primary or inner winding. To facilitate this, it is usually 

best to make the inner winding the one cf fewer turns. 

h.kG Construction of '.'indings 

In constructing a p.t., the first step is to obtain a. mandril 

with a cross-section slightly larger than that of the core to be used 

in the u.t. A total thickness of paper equal to \ 0 is then applied by 
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winding on at least two layers of paper (usually Kraft or other paper of 

equivalent low loes and low dielectric constant). The inner winding is 

next applied by turning it on the mandril, forming; a close— wound solenoid. 

Another thickness ( \ ) of paper is applied, and, on top of that, the outer 

winding. Protective paper is v-ound on top of this, and strips of clear 

celuloce-acetate tape ("Scotch" tape) with good electric properties are-

used t.o hold windings and paper in place. Finally, the mandril is removed 

and the core is inserted and handed. If terminal lugs are used, they may 

be taped on and soldered to the winding end3. 

The outer winding layer must be placed with its ends flush with 

those of the inner layer. If the layers are not flush, leakage inductance 

is increased and the response is distorted. Oscillogram 7-J-h, Fig. 55. 

shows distortion produce! by windings displaced with respect to each other. 

5. rausjsBasra 

5.1 Primary Inductance 

Because of the non- l inea r i ty of the core ma te r i a l , a sine-wave 

measurement of Lp i s meaningless. The only measurement tha t i s useful 

employs a pulse cf the length to be used in the ac tua l operation of the 

p . t . The c i r c u i t of F ig . U6 may be used for th is purpose and the output 

at po in t E displayed on an osc i l l o scope . The value of L, may be 

ca lcu la ted from the amount of decay observed at the end of the pu l s e , 

or the measurement may be used only q u a l i t a t i v e l y . 

5.2 Leakage Inductance 

Leakage inductance may be determined either from pulse measure­

ment or by sine-wave technique. If the secondary terminals are shorted 

together, the impedance seen looking into the primary terminals will be 

practically equal to the reactance of L L at frequencies for which C£0 

presents a reasonably high impedance. This may be seen by examining the 

equivalent circuit of Fig. 6 with the output terminals shorted together. 
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I t w i l l be noted that 1,1 appears in p a r a l l e l with L-p across the Input , but 

s ince L _ » L, , L may be neglected. 
P L 

Photograph 7-5-31. P ig . 53. shows the pulse response of a primary 

with the secondary sho r t - c i r cu i t ed . Knowing the loading across the primary, 
T 

i t i s a sinvole matter to ca lcu la te L, from the ra te of decay of the pulse 

so obtained. 

A simple method for measuring L-r independent of the value of 

C and other stray capacitance across the primary terminals is to use a 

Q-meter, The procedure is to find the resonant frequencies f̂  and f0 of 

the primary with shorted secondary when p a r a l l e l e d with two d i f f e r en t 

ex te rna l capaci tances, C-, and C ? , each of which is considerably l a r g e r 
1 

than stray shunt capacitances. Then L, nay be calculated from the 
following formula: 

#2 f 2 
1 1 2 , 

• (5-D ( 2 * f j f ? ) ? (Cg - Cx) 

5.3 Distr ibuted Capacitance 

Capacitances CQ and C. may be measured di rec t ly on any 

capacitance bridge at frequencies in the region of 60 cyc les . The low 

freauency i s necessary s o that inductance reactances wil l be n e g l i g i b l e . 

5 .^ Charac te r i s t ic Impedance 

The c i r cu i t of P ig . U5 v/ith pu lse exc i ta t ion may be used for 

measuring the c h a r a c t e r i s t i c impedance cf a winding. The procedure is to 

observe the waveform at A for dif ferent values cf R t . The value of Rt 

which causes no re f lec t ions or produces l e a s t d i s to r t ion a t A i s the 

c h a r a c t e r i s t i c impedance, Z c , of winding AC. Photographs Y-h-2^ ,-2S ,-2<j, 

P i g . 50 a n (i 51 > *how steps in measurement of Z0 for a one-to-one r a t i o 

p . t . (Tlo) . Photographs P-5-21,-22, P ig . 52, show steps in measuring 

Z0 for the low-voltage winding of a two-to-one-ra t io p . t . (T2U). 
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It is important that H be different from 2 Q in this measurement 

in order to exaggerate pulse distortion due to improper values of Rj,. An 

advantage inherent in this measuring technique is that no capacitance 

which would interfere with such a measurement is introduced across R*. 

6. Or.CILLfrjRAKS 

All test circuits for oscilloscope photographs (Fig. 50 through 

hS) were mounted vithin two inches of the upper vertical deflection plate 

of the cathode ray tube in a Model 5 synchroscope. This made possible 

the use of very short connecting leads which reduced to less than 7 M-P-f 

the shunt capacitance added to the circuit by the oscilloscope. This 

capacitance has negligible effect except where indicated. The low 

inductance of the short leads permitted observation of steep wave fronts, 

as in F-U-0, Fig. 50, without objectionable ringing. 

It was impossible to illur.inate the grid on the face of the 

oscilloscope adequately with the camera attachment used for oscillograms 

in the F-U,-5,-6,-7, and -1? series, but it is hoped that gaps due to 

grid lines shoving in the beam traces ''ill serve the purpose. A scale 

showing grid spacing is also provided at the bottom of each plate. 

Sweep speeds (or horizontal scale factors) are specified by the time 

necessary for the bean to traverse the distance between grid lines 

(0.1 inch on actual grid). 

Fig. 50. 

F-U-O. Input voltage pulse (l/U usee) used for all photographs 

in the F-U and F-5 series. It is the pulse voltage which appears across 

R0 of Fig. k2 with R disconnected. Accordingly, it is the input 

voltage for the circuit of Fig, U3, which "ill be referred to in 

discussions of the F-U and F-5 photographs even though the. experimental 

circuit has the inwit of Fig. U?. 
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F_U_??i_?3<_?!+. Waveforms at po in ts A, B, and p for the c i r c u i t 

of T ig . UU with p . t . Tl6, which i s described in Sec. 2.1+ and App. 6 .5 , 

R_ = 1100 ohms, Ks • R* = J.000 chmr , 0 .. • 0._ When the osci l loscope is 

connected to A, C • 6.6 M-pf. 

r -U-25, -28 , -29 . (-29 in F ig . 51) Waveforms at A in the c i r cu i t 

of F i g . 1+5 with Tlo. R- = 1100 ohms, R* • 500, 1500, U70O ohms. These 

photographs demonstrate the de l ay - l ine act ion of the windings and show 

that the c h a r a c t e r i s t i c impedance cf Tl6 i s somewhat less than I5CO ohms. 

Fig . 51 . 

F-U-29. Discussed above. . 

F-5-l. Waveform at D with S grounded. Tl6 with R_ = 1100, 

R. = 1000 ohms. The p.t. acts "s a thnse inverter. 

F~5-5.-7. Waveforms at A and B, D grounded. Fig. U3 with Tl6. 

S - 1100, P.g = 1000 ohms. For F-5-7, C8 = 6.6 up, f, 0_ = 0. For 

F-5-5. Cc = 0, cp = 6.6 ppf. 

F-5-10. Waveform at A, Fig. 1+5. Tl6 with R^ • 1100 ohms, 

R* = 0. This shows delay-line action with short-circuit termination. 

Input end has approximately the characteristic impedance across it 

(Zc = 1200 chms). 

F-5-l?. Double erposure showing the waveform at A superimposed 

on that across R0 with the circuit of Fig. 1+5 (if the voltage source is 

replaced by the actual current source shown in Fig. 1+2). Tl6 with Rc * 

1300 ohms. 
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Fig. 52. 

F-5-lU. Double exposure shoving waveforms at E in Fig. ^6 with 

switch Si open (b) and with Sj_ closed (a). The sloping waveform (a) 

illustrates poor lew-frequency response. 

F-5-I6. Waveforms at A and D, Fig. U3, shown in double exposure. 

P.t. is Tl6, B grounded, R_ - R - 1200 ohms. Except for stray capacitance 

added by the oscilloscope, C0 = 0. A delay between input pulse and 

inverted output is demonstrated. 

F-5-17. Same as F-5-16 except CB is increased by 20 \±\xf. The 

dip in waveform A is due to a reflection in the p.t. arising from the 

impedance mismatch at CD introduced by the added capacitance. 

F-5-I8. Waveform at D with B grounded in Fig. U3. T3I with 

RB • 11C0, Rs • 1000 ohms. The characteristic impedance of T31 is 1000 

ohms, and there, are 88 turns per winding as compared to 118 for Tl6. 

Consequently there is less delay than in Tl6, which is evidenced by the 

shorter negative "undershoot" preceding the pulse. 

The waveforms of F-§-21 through F-5~3? are obtained with p.t. 

T2k. Specifications for T?U are: 

Np - kh 

I, - 88 

A • 0.0625 square inches 

kj • 0.031 inch 

•£„ = C.U37 inch 

^i = 35 M'M' t (measured) 

4 = 7-3 Hh. 
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F - j - 2 1 . Double exposure showing waveforr.s at A, F ig . U5, with 

Rt = ??0 and 1000 ohms, R̂  • 500 ohms, 'finding AC i s the UU-tum winding. 

Proper termination i s obviously somewhere between the two values of IL used 

for these osc i l lograms. 

F-5-22. Same as F-5-21 with Rt = U70 ohms. This i s apparently 

the correct t e r n i n a t i o n for the low-voltr>.ge winding since no ref lec t ion 

can be seen in the response. 

F ig . 53-

?-5-?U. Sana as F-5-21 except that winding AC la the 88-turn 

winding of T?U, and R t • 500 ohms for one exposure and 1000 ohr.s for the 

o ther . The rec tangula r pulse (b) i s the waveform for which R̂  • 1000 ohms, 

ind ica t ing that t h i s i s approximately equal to the c h a r a c t e r i s t i c 

impedance for the high-voltage winding, 

F-5-2>5« v/aveform at D, F i g . 1+3, with B grounded, "-finding 3D 

i s the h igher- turn winding of T?U. P^ = 1100, Rs = 2200 ohms. This 

photograph demonstrates step-up invers ion. (The poor leading edge is 

relntivr-ly independent of the value of R„.) 

7-5-27. '-raveform at B, F i g . 1+3 • "1th D grounded. Remaining 

c i r c u i t elements are the sane as for T~5-?5« This demonstrates step-up 

ac t ion without invers ion . 

F-5-31- 'v'aveform at A, F i g . 1+5 • with AC the lovr-voltnge winding 

of T2U. Rt = 0 , IL = 500 ohms. This shows the effect of leakage 

inductance or , us ing delay- l ine theory, i t shows r e f l ec t i ons a r i s ing from 

a sho r t - c i r cu i t across one end (CD) of the p . t . 
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F-5-32. Waveform at D, Fig . h-k, with the high-vol tage winding 

of T?U as winding BD. IL, • 500, Ra = HOC, Rt • 1200 ohms. The output 

i s much more rectangular than t h a t of F-5-?5t showing the effect of proper 

t t rmina t ion at end CD. 

F ig . 5*+. 

F-6-5 . A 5-nicroseccnd pulse which i s the input vo l t age , ~^, 

for response pa t t e rns shoi-m in F-6-6 and F-b-8. 

F-6-6 . Waveform at A, F ig . 1+6, with switch closed. R^ = 3000 

oliins. The p . t . i s T17 with a Munetal core (110 laminat ions) . The number 

of turns per winding is 118 ( the same as for Tl6 of Sec. 2.U). The c ross -

sec t ional area of the core is O.O625 square inches. 

F-6-8 . Same as for F-6-6 except that the Kumetal core was 

replaced by a R ipe r s i l core without a metal banding s t r a p . The Hipers i l 

core has the same cross sect ion and i t s magnetic path length i s about 

equal to that of the Kumetal c o r e . 

F-12-19. I l l u s t r a t i o n of o s c i l l a t i o n s in p . t . output du<. to 

insuf f ic ien t primary damping. The o s c i l l a t i n g waveform (a) i s observed 

at point D, F ig . 1+2, with S grounded. RSb • 0, RE = °> , CB = 6.6 ^ f , 

C_ = C, R = 100 ohms. The more rectangular pulse (b) i s obtained at 

the sane point with R_0 = 390 ohms. The p . t . i s 'icstinghouse uni t 166 IV. 

F--12-1+. Double exposure showing waveforms a t both A and D in 

the c i r cu i t of F i g . !>3 with T19, which is the same p . t . as T3I except 

tha t one winding i s wound in the opposite sense from the o ther . Point B 

i s grounded, Rp = 100 ohms, R0 = 1000 ohms, and capacitances are zero 

except ' 'here the oscilloscope in t roduces about 7 MIAf. This photograph 

c lear ly shows t ha t no delay i s introduced by t h i s type of t ransformer. 
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Both pulses begin to r i s e at the same point even though the output w i s e 

at D exhib i t s a slower r i s e than that a t A. 

3-11. Triple exposure showing waveforms at A of F ig . k* with B 

grounded. The p . t . i s Westinghouse's 13? AW- 2 . Points A, B, C and B of 

Fig . U3 correspona~t(r-ii~s.lrjilj3_l. 3, 2, and U respect ively of the p . t . 

Rp = 500> R̂  " 0, w, and 180 ohms. The waveform for R0 = 0 shows a short 

pu l se of duration equal to twice the one-way delay of the p . t . followed by 

a few rapidly damped r e f l e c t i o n s , and another similar pulse with opposite 

p o l a r i t y a t the termination of the input pu l se . Since 180 ohms is the 

c h a r a c t e r i s t i c inpedance of the p . t . , t h i s value when used for Rs 

e l imina tes re f l ec t ions and allows a perfec t ly rectangular pulse to appear 

at A. For R„ • <&, r e f lec t ions add, and produco a s t a i r c a s e e f f ec t . The 

decrease in amplitude beginning near the middle cf the waveform in due 

to poor iow-frequency response. I t w i l l be. noted that a l l th ree waveforms 

t r a c e the same i n i t i a l step j u s t as <'ould be expected if the p . t . were 

ac t ing as a delay l i n e . 

F i g . 55-

F-7 -1 . Vfaveform at A, Fig . W5, with the switch closed. The p . t . 

i s T17 with a Kipers i l core. R^ = 3000 ohms. Pulse durat ion i s 1 p. sec. 

F-7-3- Double exposure shewing waveforms at V, F i g . kj,, with B 

grounded. The p . t . is T17, Rp • 1100, Rs = 11CC ohms. Pulse duration i s 

l / ? \x sec . The upper t race was made with a Hipers i l core in T17. The 

lower t race shovrs the effect of removing the core e n t i r e l y . I t wi l l be 

not iced that r i se - t ime or high-frequency response is unaffected. 

F-7-^ . The upper t r a ce is the same as the lower t r a ce of F -7 -3 ' 

The lower trace was obtained when one winding was displaced longi tudina l ly 

5/32 inch from the o ther . I t may be seen tha t the effect of th i s i s to 

introduce a l a rge r negative vol tage (which i s in phase with the input 

pu l se ) during the delay in te rva l preceding the inverted pu l se . 
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F-7-11. Triple exposure showing waveforms at A, Fig. k}, with 5 

grounded. The p.t. is T19. Rp • 1100 ohms. The top trace is made with 

Ru = 1+?° ohms, the middle trace with Rg = 1100 ohms, the bottom trace with 

E • ??00 ohms. This indicates that there is an optimum terminating 

resistance, in this case 1100 ohms. 

F-7-1?. VRvfiforr at T) for the same circuit as used for photograph 

F-7-11. RB = 1100 ohms. 

F-7-13- Waveforms at B with D grounded. Otherwise came 

circuit as for T-l-12. The upper trace is made with E- ** m , the lower with 

R • 1100 ohms. 

Fig. 56. 

Photographs F-103-1,-2,-U on the left in Fig. 561 show pulse 

responses of three different p.t.'s in the circuit of Fig. U7, while the 

photographs opposite them are output waveforms of their low-frenuency 

analogues. Because the input, E is a positive pulse for both circuits, 

the output waveforms art positive for the actual p.t. (inverter) and 

negative for the analogue. Comparison was therefore facilitated by 

printing photographs F-10?-5,-7,-8 with the negatives reversed, thus 

producing a mirror image of the actual output pulse which appears like a 

pulse of opposite polarity. The input amplitude and bias voltage of the 

6A07 driver tube in the analogue circuit were adjusted to account for 

the voltage steu-up in the p.t. and to make the analogue output amplitude 

equal to that of the actual p.t. circuit. 
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P-103-1. Output waveforn of the circuit of Fig. k~! with T52D5, 

which has the following specifications; 

>!p = 177 

I, - 37 

- w = j/U inch 

X-i increases fron 0.003" at one end to 

C.025" at the other 

L • 35 Wi. (neasured) 

Ci • 100 HM- f. (measured) 

n • 0.21 

F-103-2. Output waveform of the circuit of Fig. U7 vdth T39. 

Specifications for T39 are: 

ITP 

1Ts 

~w 

M 
t 

Ci 

n 

-

B 

= 

= 

= 

= 

= 

58 

12 

5/l6 inch 

0.03 inch 

5? Hh. 

9 141 f 

0.207 

F-IO3-U. Output waveforn of the circuit of Fig. ^7 vdth ?53A. 

Specifications for T53A a r ° ! 

*v 
» , 

i 
w 

* l 
1 

L. u 

c i 

n 

-

= 

= 

= 

= 

= 

• 

120 

30 

5/8 i n c h 

6 .01b i n c h 

32 M. h 

30 WJ-f 

0 .25 
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F-IO3-5. Reotinnoe cf T^9 analogue. Referring to the ci l 'cui t of 

F ig . 1+8, 

k = 23 

Ĉ  • 10 [±\jf. (Output capacity of 6AG7 plus s t rays) 

c2 = ct> = 5 M.Mf. 

ICLT • 1 .2 mh u 

R • 1000 chine 

tt_ = 30 mh 

Ee • U5OO ohms 

(The eddy current res i s tance Re has very l i t t l e effect on the t r ans ien t 

response for t h i s p . t . ) 

7-103-7. Response of S5Ji analogue. Referring to the c i r c u i t of 

Fig. 1+8, 

k = 23 

Cj = 10 Wtf 

C2 • Cj = 13 Wtf 

W.T = 750 mh 

R2 • HOC chms 

KLP = 1 

Re = 20,cco ohmi 

F-IO3-8. Response of T52D5 analogue. Refrrring to the c i r c u i t of 

F ig . 1+8, 

k = 23 

Cx = 10 HW 

C2 • OQ = 28 Witf 

kL^ = 0.8 mh 

Rj = 100C ohms 

S " • 
R = 7,500 ohms 
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(The primary inductance L^ was omitted in these l a s t two analogues because 

low-frequency response was of no p a r t i c u l a r i n t e r e s t . I t is t r u e , however, 

t h a t the addi t ion of L_ would make for a b e t t e r dupl ica t ion *f pulse shapft.) 

- Oscillograms in the F-118 s e r i e s demonstrate a ringing-compensating network 

which is shown in~£~ig. 4-9. and discussed in Sec.'3»H« Cha rac t e r i s t i c s of 

p . t . i c used in these photos a re : 

T63C-? 

1TP 

>Ts 

K 
^ i 

n 

''o 

T6GC 

ITp 

1Ts 

= 

= 

= 

= 

= 

= 

= 

= 

98 A = \{h* x 3 / g " 

98 £-m • 8 cm. 

1 7 • i , To inch 

0.003 inch 

1 

lU-OC ohms (measured) 

19 A = 3/16" x l/U" 

19 £m = 6-5 cm. 

n«. 57 

Jov, - ?/l6 inch 

\ i - 0.0U9 inch 

n = l 

2 • HOC ohms (measured) 

F-118-2Q, Response (E0) to a l /20-, . , c ec pulse of the c i r c u i t of 

F i g . U9 with p . t . T66c. Switch S-̂  is open and So closed. 

Rc • 1100 ohms, Cg • 9 np.f. 

T-118-21. Output waveform of the same c i r cu i t as f o r F-118-P0, 

excent with 5} closed. Eĵ  = 5°0 ohms, Lp = 10 U h. 

F-118-g?. Output waveform cf the same c i r c u i t ac fo r F-118-?0, 

except with Ŝ  closed and Sg open. R̂  = 55O. 
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F-H8-23. Output waveform of the same circuit as for T-118-20, 

except with So open. 

Fig. 58. 

F-118-2U. Response (E0) to a l/k M.sec pulse of the circuit of 

Tig. kS with p.t. T63C2. Switch S]̂  is open and Sj closed. 

R0 ~ luvu orjns t u«
 = 1^ hH*Zf 

F-118-25. Output waveform of the same circuit as for 7-118-2^ 

except with S2 open. R-D = 1C0C ohms, Lj, • 25 M-h. 

g-118-26. Output waveform of the same circuit as for F-118-2U 

except Si closed and Sj> orcen. R_ = 0. 

F-118-27. Output waveform of the same circuit as fcr 7-118-2U 

except with S, closed. 

t 
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Definition 

Falsa transformer 

Cross-sectional area of core 

1'lux density 

Maximum flux density 

Velocity of light 

Equivalent carjacitance referred to the nrimary. 
Represents effect of C 

Capacitance r-etveen inner winding and core 

Equivalent capacitance (referred to trinary) 
representing C; 

Interwinding capacitance 

First shunt capacitance in equivalent circuit 

Second shunt capacitance in equivalent circuit 

'fire Diameter 

Diameter of wire used in primary winding 

Diameter of wire used in secondary winding 

Lamination thickness 

Inrut voltage 

Output voltage 

Voltage across primary winding. 

Voltage across secondary winding 

Amplitude of input voltage 

Amplitude of output voltage 

Dielectric constant (CG-3) 

Factor ty which Cĵ  io multiplied to obtain Cpj 

In̂ Ait current 

Amplitude of inrnt current 
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List of Symbols (continued) 

Symbol Definition 

I nagnotizing current 
• 

I Current in primary winding 
P 
I Current in secondary 

k Frequency conversion factor 

i 
L. Leakago inductance referred to primary 

id 

L liignetizing inductances 
m 
L An inductanco constant giving effective 
o primary inductance at t = 1 

L Primary inductance 
V 
Lp Inductanco used in ringing-compensating 

network 

X, Mean magnetic path length 
in 

Jb Winding length 

n Ratio of secondary to primary turns 

N Humber of turns in primary winding 

H Number of turns in secondary winding 
R ̂  Equivalent resistance representing effect of 

eddy currents 

R. Equivalent resistance representing effect of 

hysteresis 

R. Total resistance paralleling primary inductanco 

R Source resistance 
o 

R Primary shunting resistance 

R Secondary shunting resistance 

R Series resistance between generator and 

transformer 

R. First shunting resistance in equivalent circuit 

Rp Second shunting resistance in equivalent circuit 
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List of Symbols (continued) 

Symbol Defini t ion 

S , S0 Switches 

t Time variable 

U Mean circumference of windings 

V,_ Pulse voltage difference between adjacent 
winding ends, A and B 

V-,_ Fulso voltage difference between adjacent 
winding ends, C and D 

V Amplitude of pulse voltage across primary 

V Amplitudo of pulse voltage across secondary 

V Stored energy 

W. jSiiorgy 'stored in interwinding capacitance 

i Variable used for distance along a winding 

Z Characteristic impedance 

\ ,_ Separation between windings at end A3 

A. „.. Suparation between windings at end CD 

\. Separation between windings in a. two-winding 
transformer 

X Suparation between core and inner winding 

M. D-C permeability (gauss pur oersted) 

IJ. Effective incremental permeability (gauss per 

oersted) 

0 Resistivity of coru material (ohm-cm) 

T Pulso duration 

T . Delay timo 

Single prime (') Refers a quantity to the primary side 

Double prime (") Refers a quantity to the secondary sido 

Rise time (0-95"^) Tine necossnry for voltage or current to reach 
955* of its final asymptotic value 

Duty factor Product of pulse duration and pulso repetition 
frequoncy. 
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7.2 Calculat ion of Leakage Inductance 

To demonstrate tho procedure used for ca l cu la t ing leakage 

inductance, tho simple two-winding p . t . wi l l be considered. Assuming 

that the ampere-turns are jqual i n the two windings, primary and secondary, 

and that the length of the windings i s la rge compared to the spacing 

between them (,£»^) , the f i e l d in tho space between them should bo nearly w 1 

tho same as t ha t within a solenoid having the same number of ampere-turns 

as one of the windings. If i t i s assumed that there i s uniform current 

d i s t r i bu t ion across the layer th ickness , the f ie ld i s aa shown in Fig, 59. 

and i t s magnitude i s as fol lows: 

In the primary 

IW V I / x \ 
H j = i L - L - f J - 2 - ) O e r s t e d s , 

^ w \ p / 

where x i s measured from thu s ide of the primary next to the core. 
P 

Between layers 

„ kn H I 

A* 
In the secondary 

x H3 - E_il_ ( 1 _ __*_ ) , 
^V s 

whore x i s measured from tho ins ide of tho secondary, 
s 

Since tho interwinding space has the samo permeabili ty as a i r 

(p.= 1 ) , tho energy in magnetic f i e l d H i s given by W = TJ— ergs per cc. 

Therefore, the energy stored in the f i e ld between layers i s given by 

Jt>. 
v 

In 

D D 
p r a a <\ 
H. d:t + V3. K, + l H3 dx 

1 p 2 i 3 s 

2n N3 I a , D + D 
P B X-i + _§ E_ ] 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



$ 
Report E-122 Pago 60 

Setting this expression equal to an expression for energy stored in 

LT which has I flowing in it in the equivalent circuit gives 
L p 

2rt N B r 

K 
from which, 

1 l*t 
L = 

T a 

p 

N3 U 
P 

* w 

P ,P 

x/w 

x\ + 

D + D 

abhenrios (7-1) 

7.3 Calculation of C_ . 

If the winding layers of a two-winding p.t. are considered 

as parallol plates of a condenser v;ith length j ! , , width U, and separation 

\ ., the total capacitance between windings is given by 

C. = 0.0385 U ±M 

~T~.— 
10 farads. (7-2) 

The energy stored in a section of width U and length dx (Fig. 60) is 

C. 
dW = 

*K 
A V 

whore A V i3 the voltage between windings at height x measured from the 

lower end. Lotting V represent the voltage rise from end A to adjacent 

ond 3, and V the rise from C to D, and assuming a linear voltago dis­

tribution along the windings, 

r A V. 
<7A3 " VCD ) CD 

Substituting this into the expression for dW yields 

M (VA3 - V + V 

Integrating over the range from 0 to £ gives for the total energy stored 
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A3 
V V + V 
AB CD CD 

J • 
The value of C_ may now be determined by setting this energy oqual to that 

stored in C_ and solving. Thi3 gives 

0, 

3 V' AB 
+ V 

AB CD 
+ Y 

CD , (7-3) 

where V is the voltage across the primary winding, AC. 

How if ends B and C arc grounded, or the p.t. is used as an 

inverter, the voltages across the ends are given by 

AB 

V = -r.V 
CD p 

Subst i tu t ing these into 3q. 7-3 y io lds 

i ( 1 + n + n 3 ) . 

Tho ratio f = C_/C. is plotted against n in fig. 62. 

If ends C and D are grounded and the p.t. is used as a non-

inverter, the end voltagos bocomo 

VAB • < » - » • , 

VCD = °-

Substituting as above, 

CD = 
(n- l) 3 , 

which is also plotted in Fig. 62, 
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7.U Capacitance Calculat ions for a Taporod Spacer batwees Windings. 

In many cases whore tho pulse voltage across one end of a p . t . 

i s much g rea te r than that across the other end, interwinding capaci tance 

ef fec ts may be g rea t ly reduced by using a taporod spacer botweon windings. 

The wido end of the tapor wil l increase spacing and reduco capacitance a t 

the high-voltage end, while tho narrow taper end wi l l decrease spacing 

at tho low-voltage and. 

I t i s desired to computo C. when such a spacer i s used. Le t t ing 

X— bo the spacing at tho narrow end and \ tha t a t tho wido end (See 

Fig . 6 l ) , the following analys is may bo used to determine tho t o t a l 

capacitance between windings which would be found by d i rec t measurement. 

Let C • Capacitance of sect ion with width U and height d:c a t x' 

= °-°ggs - 2 &s m*. 
K X 

whore \ = spacing at height x 

U = average circumference of taporod windings, ' 

From Fig, 6l, 

Integrating ever the range from 0 t o * gives for the- total capacitance 

C. = 0.0825 e U dx 

J U A B ~ XCD) - 2 — • \ gp 
o -"w 

• ft'08*5 1 VJ^\ , A « \ 
\ ^ " *CD J W ^ - J •*<• • (7-4) 

t 

How i f i t i s desired to find C^ for the case where onds C and D 

aro grounded and tho p . t . ac t s as a siop-up non- inver te r , tho following 

procedure, which i s similar to that of Section 7»3» app l ios . Thus 
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VAB = 

and 

7CD = 

g i v i n g 

( n -

0 , 

• 1) V 
P 

Pago 63 

From the foregoing analysis 

C x 
0.0865 e U ix 10"1 2 f a rads . 

4 
Thcroforo v a r ^ w 

0.0885 g U ( n - l ) 3 p l O " 1 2 I x-7 dx W = —t* J <^*i> j^X. 
0 A . 

= 0-05S5 5 U ( n - l ) 3 p -''w ^CDS 10~ 

r 
2 (

 ^B " * aiP " 

x. | ( r ^ - " 3 ^ f - ^ - 1 ) '*» X CD / + l o g < i ^ 

2 V ro • 
1 ' • -J 

Set t ing t h i s onorgy equal to — C_ V* and solving givoe - ^ 

J 0.0835 g U ( n - l ) 3 -̂ w ^CD5 \ V ' ZZ A rCD~ _ / 

• lcgQ A A B ^ } ^ ( 7 _ 5 ) 

V^CD 

1 

Now, to got C_ from moasurod capacitanco C. , tho r a t i o — 1 1 must be 

found. DiviAlng Eq. 7^5 by 3q, 7-^ g ives . 

( ^AB_- 3} c' \ ^2_~3 (l&- -1) 
-L. . t = (n - 1 ) 3 1 V ^ c F / U CD I + j 
° i / ^ A B - A C 2 log^AB 

CD J *" CD 
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This factor may then be usod in place of t ha t in Fig. 62 to obtain 0_ 

from the measured value, C. . 

7.5 Sample ca lcu la t ions of Leakage Induct;ince and Dis t r ibu ted 

Capacitance for Tl6. 

The spec i f i ca t ions for Tl6 are as fol lows: 

0.053 cm. 

0.0127 cm. 

= 0.533 en. 

U = 1.5" (measured) • 3«8 cm. 

= 0.625" = 1.58 cm. 
w J J 

e = 3.5 (paper) 

B • 1 = US turns p s 

Subst i tu t ing in 3q. 7 -1 , 

1 * * « U l S ) 2 • 3.8 „ Qgri, 
L. = (0.0533 + •• ? )abhenrics 

1.58 3 

m 26p.ii (ac tua l measurement by the method of Section h 
ga.ro 33 M- h. ) 

Subs t i tu t ing in Eq. 7-2, 

U D b i 0.0533 » M » H . 

(Actual measurement on 60-cyclo bridgo gave 30 u | l f . ) 
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7.6 Typical Dosigns and Applicat ions 

7.6l Cne-to-Ono Inver te r s 

Tho moat usoful appl ica t ion of an invor t ing p . t . i s i n 

t h e p la to c i r c u i t of a pontodo ampli f ior . A typ ica l c i r c u i t i s that of 

J i g . kS, in which C represen ts the input capacitance of a auccooding 
8 

stage. If a droop of 10-15$ can be tolerated, T63C2 of Fig. 58 is about 

an optimum design for a l/4-microsecond pulse at an impedance level 

of 1000 ohms.. Referring to oscillogram F-118-25, the pulso rise time 

(O— 95;̂ ) is about 3-5 divisions or 0.08 microseconds for tho circuit 

of Fig. U9, whereas an ideal transformer would give a rise tine of 0.1 

microseconds (assuming 10 n|if output capacitance for tho 6.iG7). The 

p.t. introduces a delay of about 0.02 microseconds, which makes up the 

difference. Tho Lp-Rn corrective network doscribed on pago 5^ and 

shown in Fig. Ug must bo used if ringing is to bo eliminated in such a 

circuit. 

For a l/20-microsecond pulso, T66c of Fig. 57 represents 

a good design at a 1000-ohm impedance level for application in tho circuit 

of Fig. U9. The total capacitance in the circuit used for F-118-22,-23 

(Fig. 57) is 19 UMf, giving a riso timo for an ideal transformer of 

0.0b microseconds. Rise and fall times measured in tho oscillograms of 

Fig. 57 * M all loss than this. 

If more precise reproduction of pulse shape is desired, 

tho impedance level may bo lowered by applying resistive loading in both 

primary and socondary. For this application, Tl6, T17t and T31 aro all 

good designs for l/4-micro3ocond pulses with 1000 ohms across each side. 

Oscillograms F-5-1 (Fig. 50), F-5-18 (Fig.. 52), and F-7-3 (Fig. 55) 

show responses of those transformers as inverters with both primary and 

secondary loading. 
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7.62 Current Step-Up Inverters 

The problem of introducing high-current pulses into 

low-impodanco loads such as transmission lines i3 ono for vmich ;x p.t. 

is well adapted. An oxamplo of such a p.t. application is that of 

driving a 93- o n n transmission lino terminated at both ends. With a p.t, 

connected in tho plate circuit of a 6A07 as in Jig. 47, l/4-microaocond 

pulses of amplitudes as high as 2o volts may be obtained across such a 

load (47 ohms). (See oscillograms on left in Jig. 5b) This means that 

tho pulse currents aro of tho order of 0.5 ampere, which could not ordinari­

ly bo obtained in a 6A&7. 

The best design for such an application if T52D5» which is 

described on page 5?- The drojo in i/U r.icroceconi is only about 3lS for 

this p.t. to satisfy a requirement which involves operating seven p.t.'s 

in parallel. To obtain this very small droop, a large number of turns 

arc used in the windings of T5235, Because of this, a tapered spacor is 

« 1 , 

employed to aid in reducing tho L-—C-. product as discussed on page 62. 

Nevertheless, n loss is taken in riso time in order to satisfy tho 

ctringent rcouirenent or. droop. (The overshoot seen in F-103-1, Fig. 56, 

is not to be confused with droop.) 

7.63 Kon-Invcrters 

An example of a one—to-ono p . t . which may be used solely 

for d-c i so l a t i on i s T19, which i s discussed on page 49. When used as a 

non—inverter a t an impedance leve l of about 500 ohms, i t s response to a 

1/4-microsecond pulse i s as shovm la 1-12-4, Fig. 5^. Bw use of v/indings 

in opposite sensus in T19 el iminates the de lay - l ine type of d i s t o r t i o n 

which would be present if tne v/indings wore in the same sense. Compare 

waveform (D) of F-12-4 with that of 1-5-7, J i g . 51 , fcr example. Tho 

1- t t e r waveform was obtained using Tl6 (v;ith windings in tho same sense) 
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as a non-invert or with tho same loading as for T19 of F-12-4. It will 

bo noted that rise tirao is much loss for T19. 

For other than one-to-one p.t.'s nothing is gained by 

1 
using windings in opposite 3onsos, as may be shown by calculating C„ 

for those cases. It will bo found that f.. (see App. 6.3) is higher for 

1 
the samo L. .and C. with opposite—sense windings than with windings In 

h i 

the same sense. 

An example of a p.t. which may bo used as a step-up 

non-invortor is T2U, discussed on page kS. Oscillogram j-5-27, Fig. 53i 

shows tho response of T24 used in this way. 
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FIG 2fo COMPARISON OF OBSERVED R E S P O N S E 
OF A NON-INVERT\NG PULSt . TRANSFORMER 
WITH CALCULATED TRANSIENT RESPONSE OF 
YTS LUMPED- PARAMETER EQUIVALENT CIRCUIT. 
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FIG. Z7. CIRCUIT OF FIG. Z4- REDRAWN TO 
ILLUSTRATE DELAY LINE EFFECT. 
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FIG.29 TERMINATION 
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FIG. 3 0 . CALCULATED RESPONSE OF THE 
CIRCUIT OF FIG. 24- BY DELAY-LINE METHOD, 
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F I G . 3 2 PULSE TRANSFORMER CONNECTED 
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FIG. 3 4 . PHASE - INVERTER CIRCUIT SHOWING 
DRIVER TUBE 
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F I G . 4 2 . EXPERIMENTAL CIRCUIT USED 
OBTAINING WAVEFORMS SHOWN IN 

IN 

OSCILLOSCOPE PHOTOGRAPHS. I ; REP­
RESENTS PULSED P L A T E 
FROM A PENTODE (£>AG7). 
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FIG 4 3 . CIRCUIT OF FIG 5 9 WITH CURRENT 
SOURCE CONVERTED TO A VOLTAGE SOURCE. 
FOR CONVENIENCE IN DISCUSSION. 
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FIG 44- PULSE TRANSFORMER ACTiNO, 
TO PRODUCT TWO PHASES SIMULTANEOUSLY. 
(POSITIVE PHASE AT (B), NEGATIVE A T (pj . ) 
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FIG 4 5 CIRCUIT USED FOR MEASURING 
CHARACTERISTIC IMPEDANCE 
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FIT. 4 7 . PULSE TRANSFORMER IN T H E P L A T E 
CIRCUIT OF A PENTODE FOR DRIV ING A 
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FIG. 4 9 E X P E R I M E N T A L 
L R - R R COMPENSATING 
IN T H E P R I M A R Y OF 

CIRCUIT POR DEMONSTRATING THE EFFECT OF 
N E T W O R K AND C R Y S T A L - D IODE C L I P P I N G 

A P H A S E - I N V E R T I N G P U L S E T R A N S F O R M E R 
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QUARTER-MICROSECOND 

INPUT PULSE USED FOR 

PHOTOS IN F-4 AND F- 5 

SERIES. RISE T I M E 

ABOUT 0.OO5MICROSECONDS 

WAVEFORM AT "B" 

SAME CIRCUIT 

AS FOR F -4 - 22 

WAVEFORM AT "A',' 

FIG. 4 3 - , T I6 . 

(Rp = l 100 O H M S , 

Rs= Rf=IOOO OHMS) 

WAVEFORM AT"D." 

SAME CIRCUIT 

AS FOR F - 4 - 2 2 

WAVEFORM AT "A", 

F I G . 4 3 ; T I 6 . 

(RpSl lOO O H M S , 

Rt « 5 0 0 OHMS) 

t-
- l 
O 

> : 
' • ' ' ' ' ' ' ' ' : 

TIME 

SAME AS F- 4-25 EXCEPT 

Rt = I 5 0 0 OHMS 

HORIZONTAL SCALE 0.016 MICROSECONDS PER SMALL DIVISION 

VERTICAL SCALE S.6 VOLTS PER SM AL L Dl VIS ION 

FIG. 50 
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SAME AS F-4-27 
EXCEPT 

R t = 4 7 0 0 OHMS 

WAVEFORM AT"D" 
FIG. 4 3 , WITH"B" 
GROUNDED; T I 6 , 

(Rp = l 100 OHM S, 
Rs = IOOO OHM S ) 

S2 
0 

WAVEFORM AT "A" 

FIG. 4 3 , WITH"D" 

GROUNDED; T 16. 

(RpMlOO OHMS, 

Rs =1000 OHMS) 

WAVEFORM AT "A," 
F I G . 4 3 ; T I 6 . 

(Rp = I IOO O H M S , 
R, = 0 ) 
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WAVEFORM AT"Br 

SAME CIRCUIT 

AS FOR F-5-5 

WAVEFORM ACROSS 

R0 SUPERIMPOSED 

ON WAVEFORM OF 

F - 5 - 1 0 

TIME 

HORIZONTAL SCALE 0.016 MICROSECONDS PER SMALL DIVISION 
VERTICAL SCALE 6.6 VOLTS PER SMALL DIVISION 

FIG. 5 1 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



WAVEFORM AT "E" , 

F I G . 4 6 ; T 16. 

(Q) S, CLOSED 
(b) S, OPEN 

HORIZONTAL SCALE 

OljiSEC- PER DIVISION 

SAME AS F-5-16 EXCEPT 

C. INCREASED BY 20MMFD 

WAVEFORMS AT "A" AND"D", 

"B"GR0UNDED,FIG43~; Tl6. 

(Rp = R s = l 2 0 0 OHMS) 

WAVEFORMS AT "D" WITH 

"B"GR0UNDED,FIG.43-, T 31. 

<R| IIOO OHMS, 

Rs = 1 0 0 0 OHMS) 

o 

i 

WAVEFORMS AT"A",FIG. 4 5-, 

T24, HIGH-VOLTAGE WINDING 

GROUNDED (R_= 500 OHMC) 
(a) R, = 2 2 0 OHMS 

(b) R t • 1000 OHMS 

OT 

o -
> : " " 1 1 1 1 

TIME 

SAME ASF-5 -21 EXCEPT 

R t = 4 7 0 OHMS 

HORIZONTAL SCALE 0.016 MICROSECONDS PER SMALL DIVISION 
(EXCEPT WHERE INDICATED) 

VERTICAL SCALE 6-6 VOLTS PER SM AL L Dl VI SI ON 
F IG .52 
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SAME AS F-5-21 EXCEPT 

LOW-VOLTAGE AINDMG 

GROUNDED. 

(a) Rt • t oo orivis 

lb; Rt =1000 OHMS 

WAVEFORM AT"B" 
WITH"C"GROUNDED. 

SAME CIRCUIT 
AS FOR F - 5 - 2 5 ; T 24. 

WAVEFORM AT C, F|C. 4 3 

WITH"B"GROUNCFC; T 24 

A3STEP-UP INVERTER. 

Rp = I 100 OHMS 

R. =2 2C0 OHMS 

WAVEFOR vi AT "A," 
FIG. 4 5 ; T 2 4 , 
HIGH-VOLTAGE WINDING 
SHORTED TO GROUND. 

WAVEFORM AT"D'; 

F I G . 4 4 ; T 2 4 -

R p* 5 0 0 OHMS 

R ( = 11 0 0 OHMS 

R t =1200 OHMS 
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h 
_i 

o 
> 

3 , i : i 1 i l i l l l i j 

T I M E 

t 

HORIZONTAL SCALE 0.016 MICROSECONDS PER SMALL DIVISION 

VERTICAL SCALE 6.6 VOLTS PER SMALL D IV IS ION F I G . 5 3 
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FIVE-MICROSECOND PULSE 

USEO AS INPUT FOR F-6-6,8. 

HORIZONTAL SCALE 

5)iSEC PER DIV IS ION. 

WAVEFORM AT "A" 

FIG. 4 6 • (S, CLOSED, 
T 17 

WITH MU-METAL CORE 

R p = 3 0 0 0 OHMS) 

N 
0 

l 

SAME AS F-6-6 EXCEPT 

H IPERSIL CORE 

WAVEFORMS AT "A"AND"D" 

FIG. 4 3 , WITH"B"GROUNDED; 

T I 9 . Rp = IIOO OHMS, 

R 8 * I 0 0 0 OHMS.. 

PULSE DURATION = V4J1SEC 

(0) WAVEFORM AT " D " , 

FIG. 4 5 , WITH"B" GROUNDS 

I66AW. ( R s e = 0 , R8 = c>^, 

R0=IOO OHMS) 

(b)SAME AS (a ) EXCEPT 

Rse = 390 OHMS. 

PULSE DURATI0N=y4/»SEC 

WAVEFORM AT "A", FIG 4 3 , 

WITH "B" GROUNDED,132 AW-2. 

(R =300 OHMS) (o )R s =0 

(b) Rg = l80 OHMS (c)Rs= exs> 

HORIZONTAL SCALE 

016^ SEC PER DIVISION 

FIG. 54 
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WAVEFORM AT"A", FIG.4-fo 

(S , CLOSED,Rp=3000 OHMS) 

TI7 WITH HIPEK5IL CORE-

PULSE DURATION =1 » SEC 

7 -4-

UPPER TRACE: SAME AS 

LOWER TRACE IN F-7-3 

LOWER TRACE:ONE WINDING 

DISPLACED 5 / 3 2 INCHES 

WAVEFORM AT"D" SAME 

CIRCUIT AS FOR F 7-11 m 

(R •IIOOOHMS) 

- 7 - 3 

WAVEFORMS AT"D',FIG. 4-3-, 

TI7 WITH "B" GROUNDED. 

(Rp=IIOOOHMS, Rs=lOOOOHMS) 

UPPER TRACECuNE IN 

LOWER TRACE:CORE OUT 

•J fc l PU1.SE DURATION '-fiSEQ 

WAVEFORMS AT "A", FIG. 4-3 , 

TI7 WITH"B" GROUNDED. 

(R p=MOO OHMS) 

TOP TRACE : R,= 4 7 0 OHMS 

MIDDLE TRACE'. Rs=IIOO OHMS 
BOTTOM TRACE. R s =2200 OHMS 

WAVEFORMS AT"B" WITH'D" GROUNDED 

SAME CIRCUIT A S FOR F-7-12 

UPPER TRACE; R, = o<=> 

n i m i i i i n i i LOWER TRACE-R, -1100 OHMS 
T I M E 

HORIZONTAL SCALE 0 0 3 MICROSECONDS PER SMALL DIVISION 

V E R T I C A L SCALE 6 6 VOLTS PER DIVISION F I G . 5 5 
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F - I 0 3 - I F - I 0 3 - S 

RESPONSE OF T 5 2 D 5 RESPONSE OF LOW-FREQUENCY 

ANALOGUE OF T 5 2 D 5 

i | awl 

F-103-2 F-103-5 

RESPONSE OF T 3 9 RESPONSE OF LOW-FREQUENCY 

ANALOGUE OF T 3 9 

H B *•«••••>••« • • • • • • • •S I flfl 

F - 1 0 3 - 4 F-103-7 

RESPONSE OF T 5 3 A RESPONSE OF LOW-FREQUENCY 

ANALOGUE OF T S 3 A 

» 2 
i 

HORIZONTAL SCALE 0 . 0 2 3 ^ SEC HORIZONTAL SCALE 0 - 5 3 y SEC 

PER SMALL DIVISION PER SMALL DIVISION 

V E R T I C A L SCALE 6 6 VOLTS PER SMALL DIVI SI ON 

F I G . 5 6 
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F MS - 20 

TWENTIETH-MICROSECOND-

PULSE RESPONSE OF T66C 

WITH NO RINGING 

COMPENSATION. 

F - I I 8 - 2 2 

TWENTIETH -MICROSECOND-

PULSE RESPONSE 0 F T 6 6 C 

WITH L„-R„ NETWORK PLUS 

A DIODE IN THE PRIMARY 

CIRCUIT AS IN F I G . 4 9 . 

(Rp = 550 OHMS, S, CLOSED) 

F - I I 8 - 2 3 

TWENTIETH-MICROSECOND-

PULSE RESPONSE OF T 6 6 C 

WITH LR-RR CORRECTIVE 

NETWORK AS SHOWN IN 

F I G . 4 9 . 

( L R = 10 MICROHENRYS, 

RR =500 OHMS) 

F - H 8 - 2 I 

TWENTIETH-MICROSECOND-

PULSE RESPONSE OF T66C 

WITH ONLY DIODE NETWORK 
IN PRIMARY F I G - 4 9 . 

( S 2 CLOSED) 

I - • 

_ » • o 
>' 

M i l l 
T I M E 

o 

i 
< 

HORIZONTAL SCALE 0 0 2 3 MICROSECONDS PER SMALL DIVISION 

VERTICAL SCALE 6-6 VOLTS PER SMALL DIVISION 

F I 6 . 5 7 
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F- II 8 - 2 4 

QUARTER- MICROSECOND-

PULSE RESPONSE OF T63C2 

WITH NO RINGING 

COMPENSATION 

F - I I 8 - 2 6 

QUARTER-MICROSECOND-

PULSE RESPONSE OF T63C2 

WITH BOTH LR-RR NETWORK 

AND DIODE ACROSS PRIMARY. 

V) _ 
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F - I I 6 - 2 5 

QUARTER -MICROSECOND-

PULSE RESPONSE OF 

T 6 3 C 2 WITH L R -R R 

CORRECTIVE NETWORK 

AS SHOWN IN FIG. 4 9 . 

( L „ = 25MICROHENRYS , 

RR =1000 OHMS ) 

F - I I 8 - 27 

QUARTER-MICROSECOND -

PULSE RESPONSE OF T63C2 

WITH ONLY DIODE CORRECTION 

IN PRIMARY, FIG- 4 9 . 

( S , CLOSED) 

L -LL 
T I M E 

HORIZONTAL SCALE 0 0 2 3 Ji SEC. PER SMALL DIVISION 

VERTICAL SCALE 6.6 VOLTS PER SMALL DIVISION 

O 
FIG. 5 8 
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3 4- 5 S 7 6 9 10 

TURNS RATIO -W. 

F I 6 6 2 . CAPACITANCE RATIO i ? • f, PLOTTED AGAINST v>-
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