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Project Whirlwind
Servomechanisms Leboratory
Massachusetts Institute of Technology
Cambridge, Massacliusottiz

SUBJECT: PULSE TRANSFORMERS, REVIEW OF DEVELOPMENT
To: J. W. Forrester
From: G. G. Hoberg

Date: November 5, 1947

Introduction

A pulse transformer is fundamentally sirilar- to any other kind
of electromagnetic transformer in comstruction ard operating principles.
It consists of primary and secondary windings thrcugh which passes a
closed loop of magnetic material, and functions in accordance with the
elementary laws of induction. However, the requirement that it paasn
short-duration pulses of energy, prefersbly without distortion, imposes
a need for rather precise design which justifies speclel analysis and
treatment.

Two broad classes of pulse transformers exist: (1) those in
which heating and imsulation problems are of prire 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 low-energy, low-
voltage pulses need be handled.

Pulsa trenaformers used in the circuits of igh-speed electro-
nic digital computers are of the latter type. They are quite small and
of simple construction. Primary and secondary are usually wound as two
ooncentrio solenoids about one leg of a rectangular core of thinly-
laminated, high-permeability ferromagnetio alloy. Owrall dimensions
ere of the order of 1":1%;“1%".

Higtory of Development

During the recent war a great deal of resemrch was conduoted
at the Radiation Laboratory, M.I.T., and at a nmurber of establishments
in Great Britain, on the analysis, design, and techniques of construc=-
tion of pulse transformers. Reports on this work are available in
the Radiation Laboratory Document Room, ¥.I.T. Pract:ically ell of the
Radiation Laboratory research and much of the Britieh worlk was on the
high-power variety of trensformers for magnmetron modulators. Although
the broad principles of snalysis are similar in both vases, relatively
little work was done specifically on low-power traasformers, end those
British reports which do trest them separately ars st:11 highly clasei-
fied. An abstract of a paper, "Low-Power Pulge Transformers”, given
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by N. H. Moody before the British Radiolocation Convention in 1946 erpears
in the Journal of the I.E.E, (Vol. 93. Part IITA, No. ., March-May, 1946),
but most of hie work remains unpublished.

A rigorous gemeral treatment of pulse traasformers has been
prepared by Dr, W, H., Bostick of the D.I1.C. 8taff, M.I.T., for Volume 5
of the Radiation Laboratory Series ("Pulse Gemerators", Glasoe end
Lebacqz; McGraw Hill), but this book will not be availnble until early
1948,

Al in all, the topic has received remarkably little treat-
ment in the literature. The most pertinent discussione currently
available are to be found in the followinz references:

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

2. L. N. Ridenour, "Radar System Engineering", Vol. 1,
Radiation Laboratory Series, pp. 8584-5; McGraw Hill.

5. M.I.T. Radar School, "Principles of Radar™, 2-73 to
2-82; MoGraw Hill.

Research on Project Whirlwind

Soon after digital methods were adopted for the Whirlwind
oomputers, it became apparent that electronic eiroult design eould ir
many cases be simplified if satisfactory pulse trasaformers were aveil-
able. Early in 1946 T. F. Wimett umdertook an investigation of the pro-
blem. Experiments with commercially manufactured transformers soon
disclosed the fact that none were particularly suitable, and thet ir
general a given transformer was good for only omne specific application.
It became apparent that pulse transformers would have to be custom-
designed for each computer use.

Wimett then studied the work which had alreacy been done on
the subject and began a series of experimentes to achleve optimum designs
for proposed operating conditions. Much of the work which followed
18 a real contribution to the field of pulse transformer analysis and
design. It is comprehemsively treated in his repors "low-Power Pulee
Transformers” R-122 which was written in the summer of 1947,

Since the guiding principles are firmly 2stsblished and suvc-
cessful tranaformers have alreesdy been built, work currently in progréss
and foreseen for the neer future consiste merely of extrapolating proven
designs to cover mew circuit conditions and pulse longthe.
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Applicationa in Computer Circuits

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

1. Impedance matching (to obtain optimum pewer transfer
| between source and load).

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

3. DC isolation (to permit source and loed to operate at
different direct-voltage 1m1.§

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

Wimett's report describes traneformers capable of adequately
performing these functions in dealing with low-energy pulses (peak
power of the order of 25 watts) of very short duration (1/20 to %
microsecond).

They are most commonly used in the plate circuit of a pentode
- tube. Since the.control grid of the tube is usually biased below cu:-
off voltage, and driven toward cathode potential by positive pulses,
negative pulses appear at the plate terminal (i,e., ac-oss the trans-
¥ former primary). If the output is to be used to drive other tubes, ns
usually required, it should be positive pulse. Hence the transformers
are almost invariably comnected to give phase raversal, and because
tubes need never conduct except during pulses, power dissipation is
held nt a minimum and compoment life increased.

If the output is to be used at e nearby point so that trans-
mission line is unnecessary, a simple inverting trensformer with unity
turns ratio is commonly emploved. However, when the ouatput from tube
and traneformer is to appear at a remote point, a etep-down trans-
former is used to match more closely the tube cource t> the low-
impedance cable which must be used to transmit the pulie.

A problem arises here, for by conventional s:-ansformer theory,
the impedance reflected back to the plate of the tube is then the im.
pedance looking into the cable multiplied by the equars of the trans.
former turns ratio. The rate of rise of the pulse can then never exveed
that permitted by the time constant of this ref'lected impedance and the
output caepacitance of the tube. The turne ratio is thorefore limited
in magnitude, for the short pulses used demand rapid rates of rise and
fall. But, insofar as the pentode tube is approximatoly a constant-
current source over a limited operating range, a high step~dowm ratio
is desirable in many cases because current output of the transformer
. is then multiplied by the turns ratio, and for conetan: loed impedance




‘APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

6345
Memorandum M~133 -4 -

this represents an inorease in voltage. Both the sbove effects, to~-
gother with the fact that the pentode loses its congtant-current pro-
perties at low plate voltages, must be considered end appropriatle
compromises made in deciding upon the ratio to be used. In some casns

it is possible to use a step-up transformer at the remote snd of the
transmission line where usually the highest attainable wvoltage lg dsaired.

The isolating properties of the transformer are utilized in
many cages where the secondary feeds the grid of a tubs. One terminal
of this winding may be connected to the grid-bias supply end the other
to the grid; coupling condensers and grid resistors are then unneces-

BAry.
Effect on Pulse Shape

If an equivalent circuit for a pulse treneformer is derivad
(as is done in practically all the aforementioned refsrences) it will
be found that the leakage inductance appears in series between source
and load, while stray capacitances and the magnetizinz inductance are
effectively in parallel with the load. Ideally the loakage inductance
and stray oapacitances should be zero and the magretizing inductance
infinite. The fact that they can never be made sc results in several
undesirable effects of the transformer on pulse shapo:

1. The leakage inductance acte in conjunction with the
stray capacitence and the series resistance of souvrce 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, which ie intrinsic to the
oirenit, rather than the transformer, and would therefore exist even
if the transformer were ideal.

2. Although by Lenz's law current camnct {low through the
magnetizing inductance during the first instant, eurrent builds up in
this element approximately in a linear fashion for the duration of
the pulse. Since most transformers are operated from conatant-current
sources, the current flowing through the load is decreased by the amount
diverted to the magnetizing inductance, aand a droop occurs in the top
of the pulse. After the pulse, again by Lenz's lsw, flow of current
through the magnetizing inductance cannot cease instantaneously., Sirce
the driving tube is them cut off, its impedance ie very high, and the
equivalent circuit is such that for current to continue flowing in the
inductance it must flow throuzh the loed in a direction opposite to the
original pulse current. This phenomenon represents sn undesirable
"overshoot" .
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3. If the pulges recur at high frequency, the load voltern
may not fully recover from the negative overshoot of nne pulse vefcro
the next pulse begins. The next pulse will then not 1ise to the asmne
absolute amplitude as the preceding oms. Thir nrngest is cumulative,
causing undesirable amplitude loss, or objectionable cifféreénces In
amplitude if the pulses do not come at a reguler rate.

4, Various combinations of inductances and capacitances cf
the equivalent circuit cean give rise to oscillatione on the top of the
pulse or the backswing. Although generally undesirsble, such oscillations
'  may ooccasionally be used to advantage, as in the case of very short pulses
whose length corresponds approximately to a half-period.

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

Design and Construction

Mention has already been made >f the nead to choose a value
of turns ratio which represents & compromise betwsen conflioting require-
ments. A similar compromise must be mads to meet the contrasting re-
quirements of (1) fast rise and fall of the pulse [interpretabls as
good transient response), which demands a low valuo of leakage induc-

. tance and effective capacitance to ground, and (2) little droop of the
top of the pulse, and hence little overshoot (interpretable as zood
low-frequency response), for which the magnetizinz incuctance must be

¥ high. All three of these parameters increase with increasing winding
length; for a given core the magnetiring inductence cennot be increased
to meet the requirement (2) without increasing ths other quantities and
defeating requirement (1). If conditions (1) ere osteblished, improve-
ments in (2) can be realized only by using & better cere, whose reluctance
must be low if the magnetizing inductance iec to bs high. FPulse length
and pulse repitition frequency must be considered and an appropriate
balance of transformer characteristics achieved. iiimett discusses these
design problems in detail.

The core found most suitable for use in Whirlwind pulse trans-
formere is constructed by winding a continuous ribbon of a high-quality
magnetic alloy about a rectangular mandrel. This process resulte in
essentially a rectangular core which may then be sut ecrose its width,
forming, two C-shaped halves. Cores used in these trarsformers are
manufactured by Yestinghouse from ,001" x 3" hipersil ribbon.

The low-volteze winding of the traneformor is wound on a
paper tube whose inside dimensions correspond to the crose=-section
of the core. A proper thickness of paper is then placed over it and
the high-voltage winding placed on this. PRoth solenoids ere close=-
wound to the same length, the correct turns ratio beirg achieved by
using different wire sizes, Parameters of the equivalent circuit are

. determined by winding length, number of “urns, intorwinding spacing,
winding ciroumference, etc.
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Core halves ars insorted at both eands of tho paper tube suun
that a butt joint is formed. They are held topether uider pressure
by a steel band. Terminal lugs and a suitable mountin: base are then
put on, and the transformer finished by applieaticn o' a protective
coating.

G. ¢, Hoberg

| GGH:Y
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FIMHARY

Analysis and design procedures are derived for application to
low-power pulse transformers including, in particular, the types expected
to be employed in many circuits of the electronic digital computer of
Project Whirlwind. “Pulse icngthes considered are between a twentieth and
a quarter microsecond. - Although optimum reproductica -f pulse shape is
agsumed to be & leading requirement, the procedures given are presumably
general enough to be extended to applications for which faithful repro-
duction of input voltage or current waveform is not necessary.

Two different equivalent circuits are presented, by means of
which good approximate response calculations may be made for most circuits
which include pulse transformers. One is a lumped-parameter circuits which

i is almost identical to those used for audio transformers. The other
replaces the transformer by a "delay" or "lag" line, and is useful when the
turns ratio between windings is unity. Curves and special techniques are
presented to aid in the analysis of these circuits, and sample calculations
of elements in the equivalent circuits are given in an appendix. Applic-
ability of the equivalent circuits is demonstrated by comparisons of
abserved pulse responses with those calculated from the equivalent circuits
for various pulse transformers. By means of theee circuits, pulse dis-
tortion produced by transformers is analyzed and methods for its elimination
are derived. Experimental results are presented in the form of photographs
of response waveforms as displayed on an oscilloscope.

In the discussion will be found a new method which takee into
account non-linear efrects of core material in treating magnetizing

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

across a winding is shown to follow very nearly t;:a exponential law
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bs Wire sixe,
The winding layer with the greatest number of turns should
usually have the smallest wire gize that mey be safely used
without danger of breaking. There are some instances,
however, where wire size is determined by impedance level
(see d. below) and larger slzes may be required.

cs Geometry.
If an adequate selection of core sizes is available, the
most satisfactory arrangement of windings is that with
a single-layer primary and a single-layer secondary.

d« Spacing between windings.
Bverything else being held constant, the spacing (layer of
paper) between windings determines the "characteristic impedance"
(Z¢), or impedance into which the transformer will deliver
the least-distorted outputs For a two-winding pulse trane-

former, the relationship is

Ry
- 377
Eo Ve ; [“——"—D ) ohns

where ¢ is the dielectric constant of the paper spacer, f,is
a factor depending on geometry, ki is the spacing in cm, and
D is the wire diameter.

2. INTRQDUCTICN

The electronic digital computer of Project WHIRLVIND will consist
of circuits which mast be capable of handling fractional-microsecond pulses
of voltage or current. Important components of these circuits are pulse
transformers of types which, unfortunately, are not yet commercially available.
In fact, the development of transformers capable of faithfully reproducing
fractional-microsecond pulses appears to be in a very early stage.

The most advanced information currently available on the subject
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" of pulse transformer design is found ih declassified M. I. T Radiation

Laboratory documents (Refs. 2, 3, 4, 6, 10). For the most part, these
reports cover the analysis and design of high-voltage, high-power trans—
formers of the type used for driving magnetrons, whereas the computer
circuits of Project WHIRLWIND will employ the low-voltage, low-power
variety, which require a somewhat different design procedure. Problems
of insulation and core saturation, for example, will be of little or no
importance.

Though there are many more uses for pulse transformers, the
principal functions which they will perform in the computer are the
fpllowing:

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 levelis of
the order of one watt and instantaneous power less 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 to make clear the

performance which may reasonably be expected from a pulse transformers
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B 3¢ ANABYSIS

The phoiuvgrashe in Figs. 1 and 2 show transfcormers of the type
to be discussed in this report. The sketch in Fig. 3 shows details of the
physical positions of windings, etc. A discussion of the details of con-
struction is presented in Section 4.

Briefly, a pets, {pulse transformer) consiste of two or more
coaxial solenoids which sre separated by cylindrical paper spacers, and
through which passes one side of a closed loop of ferromegnetic metal (core).

Because of the physical arrangement, undesired capacitance exists
between adjacent turns in a molenoid, or winding, and between windingse
Algo, when current is applied in one winding, there will be leckage magnetic
flux, in the region between windings, which does not encircle all thrns.
These effects and the inherent non-linearity of the core are difficult to
take into account. However, simplified equivalent circuits provide the
basis for a sufficiently accurate annalysis.

Js1 Zquivalent Circuits.

A two-winding pulse transformer, which is the principal type to
be coneidered, is shown in the schematic representation of Figs 4.
Distributed core and interwinding capacitances are shown as lumped para-
meters, G, and Cy, which are the €apacitances that would be found by direct
measurement at low frequency (60 cycles) between the core and inner winding,
and between windings, respectively.

An equivalent circuit for an sudio transformer is derived by
simple circuit theory in Ref. 1. An extension of that procedure to obtain
a closer approximation to a pet. yields the slightly pore complicated cir-
. cuit of Fige 5¢ 4ll quantjties are referred to the primary, and an ideal

transformer is added in order to realize the proper voltage transformation,

Wire resistance 1is neglected, since it is usually less than fifteen ohms.
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‘ Capacitance between adjacent turns of a winding is ignored since an analysis

similar to one used in Bef. 9 shows it to be negligible.
3.11 Elements of the Equivalent 8ircuit of Fig. b.

Capacitance C(‘;. The effect of energy storage in the capacitance

between the primary winding and the core (which is assumed at ground

]
potential) is represented by GC' (prime indicates reference to the primary)
(l: ie equal to one-third of the measured

capacitance Go., (Thie assumes that the winding nearest the core is called

Energy calculations show that C

the primary). Becuase (}{3 can usually be made small with little sacrifice
of other characteristics, and because the energy etored in it can be held to
a relatively low velue by placing the low-voltage winding next to the core,

in most casee CG may be omitted from the egquivalent circuit..

Capacitance 912 The effect of energy storage in the distributed
. capacitance between windings is represented by GD. :

1 '
"Squirt" Inductances, Lc_and I'D' The effects of so-called "squirted" flux

1
(Ref. 2), which is due to currents charging GC

1 ]
inductances, are represented by LC and I‘D' Though included for completeness,

'
and CD through the winding

1 1 1
Lc and LD will be assumed negligible compared to LL and will be replaced by
short circuits for the purposes of this report.

]
Coupling Cepacitance, C“. The coupling effect of the inter-

L)
winding capacitance is represented by cpa’ which is given approximately
by Gi/na for the pulse traneformer of Fig. 4..

Primary Inductance, L‘o' The effect of that current which is not

used to charge any cépacitancu (But vhich flows into the primary, yet not
out of the secondary terminals) is represented by Lp, the primary self-
. inductance, The current drawn by Il.‘-p may be called pagnetdzing ohwrrent

seince most of it is used in maintaining flux in the core. Actually, this
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current has a real component which provides hysteresis and eddy current
loss, and its effect may be represented separately by resistances Re and
B . (see Ref. 3)., However, for reasons vhich will appear in Section 3.21
the effect of the core will be represented in this report by one element,
Lp; which acte as a very non-linear inductance..

!
Leakage Inductance, LL The effect of energy storage in the

leakage flux is represented by LL' which is usually defined by 2(Lp - M)
or (1 - ka) Lp' where i is the mutual inductance and k is the coeffiecient
of couplings The concept of a coupling coefficient is notused in this

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

is an inductance of fixed value. That this cannot be assumed will be shown
in Section 3.21.
| 3+2 4 Simplified Equivalent Circuit.
Removal of the negligible elements mentioned above from the
circuit of Fig. 5 leaves the more easily analysed circuit shown in Fig.6.
The ideal transformer is omitted beccuse it is not necessary for a fre-
quency analysis.

3.21 Evaluation of the Zlementss
1 '
Leakage lnductance, L ' Bepange L L represents the effect of

leakage flux, which, by définition, is flux wvhich 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 windings Znergy considerations
may be used to calculate i; ag shown in Appe 7.2, where it is obtained for

the simple cease of two single-layer windings: If wiré diameter
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is agsumed to be negligible compared with spacing between windings, the

1
expression for L Dbecomes

L
4P
1 ol
LL = “'—LL':L 10 9 henries (3+1)
W

in which Hp = pumber of turns in the primsry winding,

U = average circumference of the two windings (em),
£ = winding length (cm),
A; = spacing between windings (cm).

This neglects wire diameter, which is assumed small compsred to xi.
Expressions for I'I: derived by a similar method are given for more invelved
winding geometries in Refe. 1 and 5, A comperison of leakage inductance
calculated from Eg. 3-1 with the measured value is given in App. 7.5 for a
one-to-one pats

| Distributed Capacitance and G;.
may be calculated by considering the windings as solid cylindricel sheaths.

The cepacitance between windings

Since the spacing is usually constent between them, the capacitance may be
computed by considering the shenths as parallel plates with areas equal to
the average area of the two sheaths, The capacitance between two adjacent
windings is thus found to be

e UL

C, = 0.0885 —-i—-“ if (3-2)

i
L
Now GD may be calculated by determining the voltage distribution

along the length of the windings. The total energy, W, stored in all
interwinding capacitances may be found and set equal to the energy etored
in equivalent capacitor C.;). which will have the primary voltage, VP'
impressed across it (er VS if G;‘J is to be determined) in the equivalent

. cireuit. Then

w=z'.w *%cév; (3-3)
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i
whence Cy = _2_“;’_ (3—4)
¥ p

where W is a dirfzerent function of the ratio of secondary turns to primary
!
turns, n, for each winding arrangemente ZIExpressions for GD in terms of n
are derived in Appe 7.3 for two pets circuits.
i , For the simple two-winding pet., the above formula gives (assuming

a linear voltage distrivuilcn 2long the length)

' i 8 ‘v
¢ = i Vp* Vg Yoo * Vo) (3-5)
P

Here VAB and VGD' which are functions of n, are the voltage differences
between adjacent winding ends as shown in Fig. 60.

For an inverter transformer of the type shown in Fig. 32, oche

obtains, on substitut.ingifor VAB and VCD in Eq. 3-5,
1
= _p— a 6
CD E (n® « n+ 1) (3-6)

Subsetitution for n in this expression shows that G;) is just
equal to the interwinding capacitance for a one-to-one inverting pe.t., and
for a two-winding voltage-step—down inverter approaches one-third of this
value as n becomes small.

Primary Self-Inductance, Lﬂ' The megnetizing inductance, or

primary self-inductance, is the most difficult c¢lement to evaluate in the
equivalent circuit. As defined in Section 3.11, I'p is a function not only
of core material, but also of primery turns (N’p}. pulse length (r), primary
voltage (Ep), and duty factor.

If the core material were linear, i.e. had constant permeability

(w), the general formula for inductance of a winding would hold, giving
4n H; AN

Lp = P w? henries, (3-7)

where A is the cross-sectional area of the core (em®), and £ is the mean
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magnetic path length (cm).

However, since the above assumption does not hold, it is
customary to define an "effective" incremental permeabilicy, By which

takes into account non-lincarity, as followse:

= 83
k= g (3-8)

where 4 B and 0H are total increments of flux density and magnetic field

strength traversed in a pulse loop (hysteresis loop obtained with pulse

excitation),.

If there were no eddy currents, Mo could be substituted into

the formula for Lp. and the resulting expression would be found to repreeent

adequately the effect of the core. The gquantities, A3 and nH, are functions

of core material and Np. Ts EP, ¢tcs, however, so curves would have to be

constructed to show the dependence of o on the different varisbles. ZRef. 6
! discusses the variation of CR with maximum flux density and rate or change

of flux density, each of which are functions of the variables mentioned above.

From fundamental considerations,

a3 - “P 8 £2188 «
at N 4 B soc (5-9)
P
B T
e (7
B ™ 5§ ry ;.pdt geuss, (3-10)
P7Je

where ;-,p 1s the instantaneous voltage across the winding. Thus -g—f is
proportional to the pulse voltage, and Bmax is proportional to the voltage
time area of the pulse. Rough plots of b, V8 g for different values of

Bmax show the following:
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d3
l. At low FTY (small BP}' K, epproaches the d-c permeabilivy.

4B
2. At high T e approaches zeros

dB
3+ at high T e is higher for thinner laminations.
4. DBolow saturation, By is proportional to Bm.

Now, if such curves could be obtained flore accurately at the low
flux densities to be considered here, they could be used to calculate the
magnetizing inductance, Lm' which would have to be shunted by a resistance
to represent the effects of eddy currents and hysteresis. Ref. 3 dle-
cusses a method for representing eddy currents and hysteresis losses for a
known pulse loop, but this ie impractical unless the form of the hysteresis
loop is knowne A more simple mecthod, vhich is suggested in Ref. 2, 18 to
include hysteresis effects in Lm and add a shunt resistance Ra to account
for eddy currents. An expreseion for R(.- in terms of transformer constants
derived by an approximetion method in Ref. 3 is (for a laminated core)

120 ¥ A
R = —————=— ohms (3-11).
a2 L
where @ is the core resistivity (ohms-cm)
d is the laminstion thickness (cm)

If it is assumed that the effect of the core may be represented
by Lm in parallel with RU instead of by one element, L_p' it should be
possible to make pulse measurements of the low-frequency response and obtain

d3

the data necessary to make plots of o ve a‘; end Bmx' For this purpose,

# may be defined by the equation
e

L::I. f'm -9
fhy, B St T (3-12)
’ 4m N; A
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i which is obtained from Eq. 2-7 with L, substituted for LP.

The value of LIn may be obtained by comparing the observed pulse
response of the primary in the ciurcuit of Figs 7 with that calculated
for the circuit of Fig. 8. The waveform across the winding is a pulse with
exponentially decaying amplitude, The pate of decay is determined by both
Lp and the added resistance, RP. so the value of Lm may be calculated
(knowing RP and Eh) from the amount of decay in a given time. Equations
3~9 and 3-10 may be used to determine %% and Bmax for each set of data
taken with the circuit of Fig. 7.

Curves A and B in Fig. 9 show plots of log e VS log Bmax for
two values of %% obtained by using the above procedurc with a winding of
thirty-gsix turns on = Hipersil core with twe-mil laminations. OCurves of
constant %% (i.e. constant amplitude at termination of pulse) were obtained
by varying Rp' pulse length and input pulse amplitude, the amplitude at the
end of the pulse being held constant. Integration of the voltage-time area for
finding Bmax was achieved by counting grid squares included within the out-
put pulse curve as displaycd on an oscilloscopes That curves A and B are
meaningless and of little use may be concluded from the fact that they
have unusual curvatures and even intersect at two points.

If the primary inductance is to be represented by one clement,
Lp' as in Fig. 7, instead of b, the arrangement of Fig. B, much more con-
sistent results would be obtuined. [Thus, LP may be calculated from the
deday by using Fig. 7 as the equivalent circuit, end B may be calculated
from Lp by Eq. 3-12 with I..p inserted in place of Lm' Using this scheme for
calculating o and the same data used for curves A and B yields straight-

' line curves, C and D, Fige 9. Results of further experiments verify the

fact that these curves are straight lines at least within the range of flux
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' densities and at used in the experiments (also in the range of most

computer applications).

Plots of log by VS log %% for constant Dmax‘ gs shewn in Fig. 10,
are also found to be struight lines. These curvee were obtained directly
from those of ¥ig. 9, and extended by extrapolation. However, mcasurcments
made on other sizes of cores and with other valves of HP were found to
check rcasonably well with these curves cven in the extrapolated regionse.

A further justification for lumping the effect of the cere into
a single element is brought out in a study of the law of decay for the
volta.v across Lp in Fig. 7. <he decay is not exponential, as would be
expected if the equivalent circuilt of Fige 8 were used. This may be shown
by calculating the value of inductance L required to produce the observed
decay at dif:icrent values of pulse duration. FPlote of such results show
that Lm increascs with time, but not accerding to any simple consistent law.

Again, if the circuit of .ig. 7 is considered as the equivalent
circuit, and values of LP which will preduce the measured decay are cal-
culated, the results when plotted disclose a2 very simple relationship

betweon Lp and pulse duration. The curves of rigs. 11 and 12 show Lp

plotted against time or pulse duration for several diffurent cases as
noted on the curves. Flots of p versus pulse duration are shown in Fig. 13.
All plots, when made on log-log paper, show nearly straight lines. lore-
over, the lines all exhibit slopes equal to or slightly greater than one-
half. Only ncar the high e¢nds do some of the curves bend away from a
straight line. The dependence of Lp' hence p . on tim: t after pulse
initiation, muy therefore be expresscd within the straight line regions

E of the plots as follows:

Ly~ B " (3-13)
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v where ¥ =

Page 16,

o |

These experimental resulte appear to agree with the purely

theoretical results of Dr. L. A. MacColl in Refs 7, where the calculated

variation of o with time is shown plotted on log-log scaled. That curve

has a slope of exactly one-half up to long pulse durations, where the curve

bends away slightly from a straight linc.

3.3 ZResponse oI the squivalent Circuit Including sxternal Zlements.

In operation, & p.te will be driven by a source having a certain

amount of resista cc and shunt capacitance to ground, and the transformer

will be terminated usually by shunting resistance and capacitance.

Since

the efiects of these external elements is gencrally appreciadle, investi-

gation of the pet. response alone would be pointlesss

Therofere the circuit

of Fig. 14, which includes external elements, will be analyscd.

Replacing the pet., by its equivalent circuit and omitting the ideal

is obtained.

follows:

Gy *
R, =
c, =
R, =

1
For simpli v C
For simplicity e

transformer by referring ¢lements to the primary side, the circuit of Fig. 15

The c¢lements of Figse 15 are obtained from those of Figs 14 as

1
cp - Cc{if c, is aignificant)

R

&

- 1 1 1
n“C = ¢ +C

L.a CD US bD

5 e
— 2

n2 RB

is omitted because its efrect will be negligible

in most cases to be considered.
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3.31 Influence of cach Element on Response

' L i

; Leakage Inductance, LL. Because LI presents a series impedance

which increases with frequency, its offect 1s to attenuate the output nt
high frequencics. Consequently, it has a delaying effcct on pulse response.

Qutput Capacitance, 02. High frequencics are likcwise attemuated
by 02 because of its shunting action which increases with frequency. It

also contributes to pulse delaye

Primary Inductance, %E. For very high frequencies Lp acte as

an open circuit snd may be neslected,- For low frequencies, however, it
presents a shunting impedance which produces attenuation. It is thus to be
congldered only with regard to "low-frequency" response.

Elements Gl‘ Rl' R,. Resonances will occur at certain frequencies
L

[
between Gl‘ Cz. and LL' and oscillations or "ringing" will appear in the

! pulse responsc. This ringing may be damped by R, and R, .
[+

i
3.32 Square~Wave or Pulsc. Responso

For purpose¢s of nnalysis it is convenicnt to reduce the circuit
of Figs 15 to its equivalent circuit, Fig. 1lb, for response to frequencics
below the pass-band center, and a different onc, Fige 17, for response to
frequencics above the band centeres
3.321 Long-Time Responsecs

The responsc to low fre uencics may best be determined by a study
of the long-time responsc to a step~function applied to the "low-frequency"
equivalent circuit of Fig. 16.

If LP were a pure Inductance, the pulse response of the low-
frequency circuit would be simply a pulsc with amplitude decaying expon-
entially with a time constant given by LP/RL. Because LP is a function

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

——
!

" _ @ k) - Ry V't
bl P | e i R
n 1 ],F" L'(_‘: T I'l 'L.E LO
L :‘)—*iﬂj s

whore L0 is a constant and I, is the input current amplitude.

1

Figure 18 shows a curve (4) of the response given by Eq. 3-14
and suporimposed on it a curve (B) of ordinary exponential decay with time
constant L/BL. where L is the inductance producing the same decay in one
microsccond as curve A. ZLxamination of the curves shows that they
interscet at t' = 1, but exhibit difforent amounts of decay for other
values of t‘-

The general e¢ffect of a decay of the type shown in Curve A
is svun to be @ peaking of the early portion of the pulse. This may W
explained by noting that the amplitude follows a parabola at the beginning
(when tc.CLoj‘R, Eomi—t) instead of a straight line as for ordinary exponential
decays

The voltage backswing or overshoot at the termination of a pulse
also shows decay of the same form as that during thc pulse, but the value
of Lp is less at each value of time measurced from the time of termination
than at the same value of clapsed time during the pulse.

Curve D of Fig. 11 shows Lp' for & particular transformer primary,
plotted on log-log cooerdinates against time measured from the beginning of -
the pulsec. Curve ¥ is a plot of Lp on the same scale during the backewing
decaye sor Curve uz, time is mecasured from the time of pulse termination.

The effect of a lower Lp after the backswing is to cause the

. overshoct to decay faster, This is usually a welcome effect.

Oseillograms ¥-6~6-8 (Fig. 54) and F=7-1 (Fig. 55) show decay

(of the type discussed above) in the pulse response of primary windings
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connected as in the circuit of Figs 16.
3.322 Transient Response.

Since the high-frequency responsc of a network determines its
transient behavior, it follows that the high-frequency equivalent circuit
of fig. 17 may be used to study the transient response of a pa.t.

______ Ag it is practically impossible to obtain a gencral transient
solution for such a circuit, the best procedurc is to find approximations

to the response for perticular combinntions of com.onent values, However,
some important facts are brought to light by a study of roots of the cubic
equation which is obtained in the exact analysis. ror example, a general
analysis shows that oscillations, or at least overshoots, will appear in the

step-function response for most valucs of loading. It also shows that only whe:

C2 = 8 G1
| 27
i = 74
and L= g R; ¢y (3-15)

a will it be possible to realize critical damping.
The casc of transitional frequency responsc (first, seccond and
third derivatives vanish at arigin) for the circuit of Fig. 17 is considered
in Ref., B8+ Relatlons between the different elements obtained thercin for
the two solutions to the transitional casc esre prescnted in graphical form
in Figs. 19 and 20. The overshoot produced by step-function cvxcitation is
8.l% for this casc as calculsted by S. A« Wingate.
A satisfactory approximation to the actual response may be made
for the cascs wherc cither caprcitor is less than holf the other by neglecting

the smaller of the two. If

and 314%‘1{0
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4 the cirecuit of riel ractically the ame rise t L ik
of Pir, 17, alt r t and rin-i ny slirhtly di nt.
Jurves of the ste» function res wonse of this cirecuit are given
in Pig. 23 for se o 1e ; wh
- - ; -
- 1 C
e i 1 + 1 y b - (5=17)

By~application of the rocinrocity theorem an meral circuit theory, t’

curves may he aimlie” te ny wvariati of the orizinel ir t r
exanple, they a t 2t af Fie, 22 3 s allc 1 o to
inffinity + i
finity. 3
- Y
“}
-  f -~
=t e . y
1 L (3-18)
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1 y r t gt i =ed as a measure ; becomes
—rl
i | IT%
, T = =0 V] :.:_‘
s Rt
" ri+ 11 i . for ar f r v >
th aovinge Mactor -3 ero, bt g 00t PR
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4 o 5 ) t: +- ¥ l.' | = "
- = 12
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.
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e ~al 7 r ( 17. I to oht t r er
ressonte o. rr ! ac utor 11 req 3
equation involved lor : t.C it constants.
computer for solvin 3 v gyvat is clearls he equ
with step- citation.
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If such a circuit were built however, it would be found that
| control of capacitance values is limited by stray capacitances which, in

many cases arc of the same order of megnitude as the actual circuit valueses
It is therefore advantageous to meke a frequency transformation in the
equivalent circuit by multiplying inductance and capacitance values by a
factor, k, which will make circuit capacitance large compared with strays.
This is cquivalent to multiplying the time scalc by K alsos. Wiat should
happen in one .icrosccond in the actual circuit will thus requirc K micro-
socands in the transformed circuit or "low-frequency analogue'.

Photographs #-103-5, -7, -8, (Fig. 56) arec oscillogrums of pulse
responses of the low-fruquency analogues for three pete cyuivalent circuits,
and Photographs r-103-1, -2, -4 show responscs of the p.t.'s for comparison.

' '
Valucs uscd for LL and CD in the analogues '¢re¢ obtained by dircect measure-

-

ment as discusscd in Section 5. Data concerning characteristics of the paot.'s
and circuit values for the analogucs arc given in Section 7. The frequency
transformation facter K was choscun equal to the ratio of oscilloscope sweep
spceds used. Thus the analogue photographs give the response to a 5.3~
microsccond pulsc displaycd on a 5.3-microsccond-per-inch sweep, while for
the pet. photographs a pulse of 0423 microseconds is uscd and the output
disployed on a 0O423-microsecond-per-inch sweep.

amplitudes were adjusted for the photographs by variation of
input current, which was supplied by a pulscd pontode (GAG?7). Since this
adjustment was made with the camera in place, there arc discrepancics in
anplitude which must be taken into account in comparing the photographs.
Thus, the rusponse of analogue T39 is ncarly identical with that of pets
T39, although photographs F~103-2 and F-103-5 show an emplitude diffurence

which might be interpreted incorrectly as a difference in transient rcsponsce
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Photographs F-103-1 and F-103-8 for T52D5 exhibit the greatest
uiscrupang found between analogue and pets Ringing appears in the analogiue
but not in the p.t. Attempts to introduce the loading duc to eddy currents
by shunting a resistance equal to Ru (sce Section 3.21) across the input of
the analogue failed to damp the ringing safficicntly. However, if this
rosistance were shunted across L;. fairly good damping could be achieved and
the rise time made more ncarly equal to that of the pets It should be noted
also that T5ZD5 has a tapered spacer between windings which may account for
the lack of ringing.

3«4 Special Casc of n = 1; Analysis by Delay-Linc Theory.

The cquivalent circuits for high-frequency or transient response
discussed in Section 2.3 are found to be inadcquate to preddct satisfactorily
the response of a pete with a turns ratio of unitye. To illustrate this, the

t respoBeo of a onc—to-onc pets will be compared to that calculated for the
equivalent circuit obtained as in Scction 2.2.

For example, consider operation of T16 in the circuit of Fig, 24

with Rp = Ra = 1900 ohms, Gp =0, C, = 10 uuf. The characteristics of T16

arc as follows:

NP = Hs = 118 turns
Ly = 33uh (measured)
50 = 1upt N

1)

N Z0ppt O

'
Since the primery and sccondary voltages are equal, G, is sero

D
Glln is just cqual to 01. and the cquivalent circuit becomes that of
Fig. 25 if C; (+ 3.3 upf) is neglected. A transiont analysis of this
circuit yields the rusponse plotted in Fige. 26 (Curve A)s On the same
. graph, the c¢xperimental pet. responsv shown in photograph F-5-7, Fige 51,

is sketched (Ourve B), A comparison of the two curves discloses no similarity
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’ in the rising parts of the responscs.

The staircase cffect in the experimental response suggests
existance of some sort of reflection in the p.t. windings similar to a
feflecticn in a trrnsmission line, That a two-winding one-to—one paete (or
any pair of adjacent windings in a pet.) does have some of the properties
of a delay linc is casily provid.
3441 Delay-Linc Features of a F.T.

Twe vindings may be shown to act as a delay or lag line if a
pair of adjacent winding ends are considered as input terminals, and the
other pair of windihg ends considercd as output tcrminals, The necessary
condltion that a linc possess both a serics inductive reactance and a
distributcd shunt cepacitive reactance is realized by a pets, 2s illustrated
in the cquivalent circuit of Fige 6, if the windings have the same number
of turns and arc in the same sensc (wound in the seame dircction), It is %
certainly true that an open-circuit impudance measurcment on the two-winding
line does yicld a capacitance cqual to the distributed capacitance, and a
short-circuit measurcment finds an inductance equal to a sum of the winding
sclf-inductances minus twice the mutual inductance, which is, by definition,
cqual to the luvakage inductance, L;o

Further verificetion of the existance of delay line action may
be found in Ref. 9, where delay lines arcv discussod which are constructed
in the same manner as two-winding pete's but with windings wound in oppo-
site sunses and with no iron corcs The reason for the former is to obtain,
for the scrics inductance per unit length, the sum of the winding self-
inductance plug twice the mutual inductance. This provides a much greater

' inductance, and hence delay, than if the windings were in the same scnse,

The effect of the core will be discussed in Sec, 3,421,
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34411 Delay

According to transmission line theory the delay per unit length,

L4 ig defined by the following:

v o=

whore L and ¢ arc respectively inductance and capacitance per unit longth.

d..

It follows from this definition that the total time delay, of a pair

dl
of transfcrmer windings with total capacitance Cl between them and leakage

inductance L, will bc given by

L

e, I| ]
Ta = V40 (3-19)

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

4m N2 U J\.l
-9
LL = — 10 " henrics
"'w
and
* 040885 ¢ UL, _,,
c * ————— 10 " farads,
1 7\.1
on substitution for LL and Cl the delay bucomus
g
Ta= V00885 *4nWEF U e ¢ 10
. Huyw (3-20)

c

whiere ¢ is the velocity of light.

Hote that the product WU is the average length of wire in a
vinding and ¢/ 48 is thc velocity of propagation of clectromagnetic waves
in a medium of diclectric constant ¢ and purmdability unity. Therefore,
the delay may be said to be cquel to the time of wave propoagation through
a length of the interwinding diclectric equal to the average length of wire

' usced 1n a winding, or
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wire length a _yU - NU “?_
K Ta® Tvolocity o/ V& c

3.412 Characteristic Impedance

Carrying the delay-line concept further, the characteristic
impedance, Zo. of a pair of windings is given approximntely by the square
root of the ratio of sceries inductance per unit length to shunt capacitance
per unit length. Taking the transformer winding length as the unit or

length, this gives for the puir of windings described above

=
~L
g = ! (3-21)
o] N A
1
Substituting again for L. and E

L 1’

/ 2
[ 4m N3 A3 ° 10

-9

« 10C0 s
=1 .oess b, yE
! a7 | S
& e IK—D—‘—} ohms. (3-22)

-

Here D is the wire diamcter.

This meansg that it should be pos=ible to eliminate reflections
in such a pair of windings by providing a resistance of z, ohms between
adjacent winding ends. Oscillogram 3-11, Fig. 54 (see poge 49 for
discussion), illustrates the vffcet of varying terminction resistance of
a palr of p.te. windings.

3.42 Delay-Linc Theory applicd to a One-to-Onc F.T. With Windings
in the Same Sense.

3.421 One-to-One lion-Invierter. The staircasc type of response shown in

#iz. 26 and oscillogram r¥=5-7 (Fige 51) may be predicted with remerkable

success by applicaticn of the delay-line concepts of the forcgoing scction.
. The ecircuit of Fig. 24 which produces this pulsv responsc may be redrawn

as in Fig. 27 to illustrote better the delay-line eff.ct. The character-

istic +impodance of pete T16 is of the order of a thousand ohms as
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calculated from Eqs 3-21

By tranemission line theory the impedance secn looking into the
P+t. betwecn ends A and B is o resistance cqual to the characteristic
impedance, ZO. until the short circuit at the far e¢nd, CD, is reflected to

end ABe Thus if a voltage step, B is applied at time % = 0, {thc odxomit

i!

may be represcnted by the equivalent circuit of Fige 28 until twice the one-

way delay time haos elapscd (BTd). The part of the output wavcfore. skotched
in Plg. 30 for ¢ < 2?d ig obtained from an analysis of this circuit. Since
bo is equal to thoe potential across Cs. it must be an exponentially rising

voltage with time constant

E R
qs ( P bc)

= (cs) = 0.0067 wsccs
R +*+R,+ 20T
P ] o
’ and mast risc toward the potentinl
l,lf ns \ ;‘l
f 9 F '
k R +R + 2 3
P 8 ¢]
where Ll is the step-function amplitude and RP = Ea :.30. The input currcnt,
!
IP' will approach 3 :o .

At timc ¢t = 27 the reflection from short—-circuited vnd CD will

d‘
arrive at cnd AB and scue across aB the nctwork of Fige 29. The current wave

-4 1

reflected from CD will have the same magnitude and will be in the samc

& Zg

dircetion as the initial current. Neglecting the effect of Cs' thue roflection

cocfficient at ¢nd AB will be

(ap +R) - Zo 1
’ or To
(Rp* Rg) + 2 3

; _.l
Thus a currvnt wave of % ( 3z ) flowing in the oppesite direction fron
2,/
. the initial currcnt will be roflected back towvard CD, and the currunt at

AB will incruasc by
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This means that Eo will increasc by

.3{ __]_'] = 2 E. .
8\ 2/ s 9 71
o
&
The output thus becomes stepped up to g ;-.;1. The current wave of amplitude

!
% . which is propagnted toward end CD is reflected, returns to cnd AB, and
0

decreascs the currcent at that end to

s z o B
sl Lo/Ly, 2ad
9V Zg 27 Zg ¢ 27 Zq -
B
Then B becormes D %., which is so close to the fins1l value of 7 that
o] 27 1 2

further reflections need not be considered.
The effect of GB on the responsce is shown in the sketch of Fig. 30.

The waveform of the sccond step, buginning =t t e Qfd, may bu determincd

by finding thc resuonse of the circuit of rige 31 by ordinary delay-line theory.

The input is twicc the first reflected voltage wave, which has the same

exponential form as the current taken from the source during the intorval

O(t(?fd. The response ‘:;: of this circuit will bc the waveform of Fig. 30

with the origin shiftcd to point ';'J‘. Each succeeding reflection will have a

longer rise time than the previous onc bucause of the charging action of C .
Circuit valucs used in the above analysis arc not exactly cqual

to those used in obtailning photograpgh ¥-5-7, Fige S5le For exanmple, the

measurcd value of 30 is about 1200 ochns, Rl = 1100 ohms

less than 10 puFe Altheough valucs were rounded off for simplicity in the

, and G8 is somcwhat

analysis, comperison of the calculatcd and exporimental waveforms shows
vory good agrecment. Risc time (0-95%) of the first step is about 0.02 micro-
scconds cx,.riaentally and 2.9 x 0.0067 = 0,019 microscconds as calculatoed.

. The amplitude of th. first stcp is three-tenths that of the input pulse (shown

n F=8-0, Fig.50) ra cormprred to the c¢leul-ted value of onc third. However
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if the exaet experimental valucs of El and 30 were used in the calsulntion,
the valuc of one-third would be obtained.

That the second step agpenring in F-5-7 (Fig. 51) ie actually a
reflection from end CD, ad discussed above, may be substantianted by
attcopting to remave it experimentally. If delay-line theory applics,
proper termination at end CD could be achicved by inserting a resistance
equal to :o between C and D, and tho feflections would be climinated. To
do this, the circuit producing the pulse response shown in ¥-5-7 may be

ruvised by adding a resistance of 1000 ohnms (= :o} between end D and greund.

The resulting output at B appecrs in F-4-23, Fig. 50, and shows thrt the
step has been completely eliminsteds Waveforms eppoaring ot A and D are
shown in F-4-22 and F-4-24. The pulse nt D is delaycd by the onc-way
Pet. declay as shown by the small negative pulsce coupled dircctly from the
input pulse preceding the main positive pulse in F-4-24.

Phe forugoing delay-line analysis ignores the fact that potentials
are get up betworn unds of the same windinge ZEven in the B.E. coaxial-
solonoid type of deley-line discussed in kef. 9, such potontials would
induce apprecisble magnetizing currcnt and lead te very poor low-frequency
response. However, the irom corev in a transformur type of linc acts to
ninimize such magnotizing current by providing a high sclf-inductance in
the winding.

In an analysis of the circuit of Fige 24 taking into account the
low fruquency effects mentioned above, the magnetizing currcnt flowing
for D« t¢;2?d will be neglected since it is small. For t,}Brd the
voltege drop between ends A #nd B is very ncerly sero, so it will be assumed
that the potuntiels across the two windings are cqual, i.c. that all
reflections arc completed. This means that the output veoltage, 30 = 3113.
appears across both windings. For this potuntial to exist, a magnotizing

current must flow in the primary windinge. Thie currcnt should increase
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according to the function El fl - © (R/Lﬁlt{ where R is the resistence

- : ;

of the parallel combinction of EP and Ra' This becomecs, as in Section 3.32,

£y (1w "Rl ]

Ro
where LO is a constant. Since the mognetizing current must flow through
the primary to ground, IP will be greater than 1H by the amount of the
magnetizing current Im. This IP will increasc and 1S will decrcase according
to the law mentionecd above until the pulse is tcrminated or until no voltage
drop appears across the windingse.
3.422 One-to-Cne Inverter.

If a onc-to—one petes with windings wound in the same sensc is
uscd with secondary connections reversed, as in Fig. 32, it will act as
a phase inverter. Again, transmission-linc action is exhibited, as may easily
be seen from the same circuit redrawn in Fig. 33 with Gp and ds opitted for
| siaplicity.

Reforring to sig. 38, op ratlou. mey bu analysed by transmission-
line theory with RF acting as the source impedance end 35 as the linc
turmination. It will bu notod thet this circuit differs from the usual line
circult in thet the conductor grounded ot the input end is not tho same one
as is groundcd at the output. ".th the Generel Llecctric Comprny, coaxial-
solcnoil  type of dclay linc, this would lead to very poor low—-Iircgu.ncy res-—
ponsc, but the transtormer linc sdapts itscelf casily to such operrtion by
virtuc of its iron corc, which, as shovm bufor., mekes it possible for a
potenticrl to cxist rcross cach winding ior = re: sonable vime.

If the ingut voltage :Ji. Fig. o3, is a stup function beginiing at

&

1
+ - will flow into the p.t., producing

time t =0, and current I « =

- Pa i

! Lo Y o]

a voliage drop l\:“t-_-‘i' - 53:.1 between A and 3. This voltege will be .ropegrted
p Zg

aovn th. so-¢rlled transmission line toward cnd CD, which it *ill r.ach at
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' reflection due to capacitanc. Cs may be scen on the negative .aulse vhich

| eppears at n. The output (positive ulsc) exhiibite only » slow risc. This
rise t.me (O to 95.) is of the order of 0.05 microscconds, which checks well
with thet celeulated. [;‘-:E.‘.ch,f(;.s + '.-_U) = 0162 psce, giving a risc time
of 2.9 x 0.16c = Q.07 usoc).
Nour if B # 2, andf/or a capacitance C uxists across R;J' Turther
reflections eccur * hich lese their squere step-like edges, nd in the
extreme crse the refloctions will appesr as dampcd oscilletions in the output.
In other ‘ords, the deley-line and capacitances tend to form & re-onant circuit
wiiich .roduces sinc waves whuen cxcited by a voltage stups Such oscillrtions

may be seen in oscillograms ¥F-118-20, Fig. 57, F-118-2a, rig. 58 and :-12-19,

%o

[}

Fig.
d.4% alimination of Uscillstions in & Cne-to-One Inverter.
I In most a.plications of B gno-to-one inverter, oscillations such as
those above arc undesirable in the outyjmt. Heowever it is possible to c¢liminate
them vithout sericus loss in amplitude or risc time in most circuits by the
method deseribed below.
Usually an inverter will be connected in the plate circuit of a
pentocde as in Fig. 4+, and hence will be driven by vhat is c¢ssentially »
current scurce. The circuit may be redra'm as in Fig. 95 to illustrete
delay linc action. Ubviously, the linc is not turmin ted properly at eith.r end,
and unwrnted reflections are apt tu rosult. If it were possible to ternminate
the line in its chsracteristic impodance rt just one end, there would be,
at the most, onv reflection. This may be accomplished at end CD by an artirice
as discussed bclow.
Insterd of connecting point C directly to B+ (or pulsc ground), let
it be connected to B+ through the porallel combinntion of an inductance L and

a reslstance Rq as in sige obe The resulting delay-line circuit is then

&
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that of Fig. 37.
0 YTow if RB = RR
- impendance across end CD is a resistance of Lo ohms at all frequencies, and

- LQ. and LR is made equal to ;oa Cs. the external

| the line is terminated properly.
The transient response mry be calculated by using the equivalent
| circuit of Fig. 38. Because the LR—RR--RS-C8 network acts as a pure resis-
tance equal to ;0. the current Is may be easily caleulated to be
~t/2cCp)

Is.—.Il(l—e

where I. is the amplitude orf I_, wlich is assumed to ve a step function.

1 p

Fhotographs of pulse responses of two inverter p.t.'s with and
without such compensating networks are shown in Fig. 57 end 58. rhotograph
F-118-24 shows the cutput waveform or T66C with a 0.2 nmicrosecond input
current pulse and ne compensation. The eirenit is thet of Fig. 34 with

m

Cs = 19 yuf and RS = 1000 ohms. The characteristic impedance of T66C is
i apyroximately 1000 ohms. Fhotograph F-118-25 is the output with the proper

compensating network as in Fig., 36. FPhotographs F~118-20 and ¥-118-23

show the corresponding output pulses of T63C2 with an input pulse of 0.05

microseconds duration .

3+45 Une-to-Une F.T. with Windings ia Opposite Senses.

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

would in the opposite sense fro. the other, the delay-line effect is not

found. This may be sliown to be 2 reasonsble outcome by attempting to

consider such a p.t. as a deley line., If it acted as a delay line, its

seriec element would be, as in Ref. 9, an inductance ejual to the sum of

the two self-inductances plus twice the mutual inductance, or altogether

about four tices the primrry inductance. This amounts to several hundred
. times the ler<age inductance which acted as the series element in Section

3.42, 80 the characteristic impedance and delay would be very much higher



http://L-.-Rj.-K-C
http://tii.es

e e o . ey

'APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

|

6345
Report R-122 Page 33

for the same interwinding spacing than for the p.t. of Section 3.L2, As a
result, the courling effect of the interwinding capacitance comuletely
overshadows its effect as part eor a linae.

The coupling effect of the interwinding capacitance is illustrated
in Fig. 39 through L41 for the p.t. discucsed above when connected as in
Fig. 3o, In thege figures, each arrcw revresents a portion of current,

Fiz. 39 represents the situation shortly after a voltage sten
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 down the orimary 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 flowes through Rg to ground, and the
other is coupled back to the vrimary by the interwinding capacitance near
end CD.

¥ig. 40 shows the current dictributicn a ehort time later while
the current in the load, Rg, is still increasing. At this time current
in the interwinding capzscitance is beginning to decreace because that
capacitance is now almost fully charged. Ordinary trensformer action now
starts to become evident, i.e. the amount of current flodng in the
secondary apnroaches that in the nrimary,

Fig. 41 depicts the quasi-steady-state condition which occurs
after the interwinding capacitance has beccme fully charged and the p.t.
ig acting as an ordinary transformer., (lagnetizing current is neglected.)

These diagrame indicate that for a p.t, with windings in opvnosite
sences the current in the load, Rg, begins to build up immedintely after
application of voltage to the wrimary. Vo delay occurs as for the p.t., of

' Section 3.41, 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 may be used for a p.t, with
one reversed winding, vrovided Cpg 1s 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 above is connected as in the
circuit of Fig. 24, and a positive pulse applied to point A, a negative
pulge of the pame amplitude will arpear at B. The interwinding capacitance
at end AB therefore harc impressed acreoss it a pulse voltage equal to twice
thet 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 AR is large and contributes greatly to the total
energy storage, while energy ctored near end CD contridbutes very little, If
the interwinding capacitance per unit length at end AR could be made suffi-
ciently lecs than at end CD, a more uniform distribution of energy storage
and perhaps a decrease in total storage may te achieved.

In practice, this may be accompliehed by merely increasinz the
spacing between windings at end AB, Fig. 24, ani gredually decreasing it
toward end CD. This may Ye done in such a way that the leakage inductance
will not be affected but that capacitance C'D, which is determined by energy
storage, will be appreciably decreaced, E=Experimental v.t.'s constructed
in this fashion exhibit the same vulse delay and rise time ag an inverter
p.t. which does not have a reverced winding, but hac the same leakage in-
ductance and number of turne. Ringing, however, is generally of different
amplitude for the two cases,

The non-uniferm 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 thic means, C'p may be

decreaced by as much as thirty per cent.
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4, DESIGN AND CONSTRUCTION

‘ 4,1 Requirements
For the purpose of this report it is assumed that a p.t. should re-
produce an input pulse shape with the best possible accuracy. 4ccordingly, a

p.te must be designed to meet the following nulse-response regquirements:

a, UHininum decay of o i ut amplitude during
the pulse (good low=frequency responsc)

b. minimum rise and fall times (good high-
fraquency response)

¢, minimum of ringing and general distortion.

Hequirement (a) may be realized, according to Section 3.31, by
naking L as large as possible, ZHeference to the formula for L}, Ltye 3=T,
shows tn::-,t this may be done by making ¥ , A, :m-iuo large, and :o:f minimizing
A Fhotograph #-7=3, Fig. 55, illustrates the effect of o, on decay., For
the upoer waveforn, ub_ is high due to the iron core, while for the lower
trace, it is only that of air.

!
Requirement (b) may generally be realized by making both L. ond
1 a

:i as small as possible, thus minimizing the prodact I..-Si. For & given turns
L
} ratio and type of winding geometry, this product is proportional to '.'2‘2.4"',
|4
which is the square cf the wire length uscd in the primary winding. Rise

and fall times may therofore be minimized by using the shortest possidle

length of wire.
or a given circuit application

Requirement (¢) may be renlized f
1 1
oy obtaining the proper ratio of to E",r:r in adlition to ninimizing them,
A good general rule to follow is to satisf at least one of the fellowing

relationships: =
/ 1
VA 1
/ —5-= 2= R (L-1)

=Z =R (4-2)

1
where 2 and 2 o 2E8 respectively the chavacteristic impedance of the
1

1
primary and the secondary, oSubstitution of LL and C. yields, for a two-
&

winding p.t., I

. 1" eeddllos ..ﬁ_i_.-.. ohms (4=3)

-
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where f) is the capacitance ratio 0'3/01 as derived in App. 7.3 and given
in the curves of Fig. 62.

It chould be noted that the product Lf 05 is a function only of
wire length and is independent of the veriables Ay and Dy which determine
zo. Thie suggests a scheme for finding more accurately the ontimum ratio of
LII-
fixed, the vroduct '[.I" Cf, ig determined. It is therefore rossible teo set

to C} . As soon ae the low-frequency resvonse and winding length are

up a low-fregquency-analogue circuit ac discusced in Section 3,33 and vary
the ratio of Li to Cf in that circuit, holding their product constant.
The values of LIIJ and C,_!’ which produce the optimum resrtonse in the analogue
circuit should then be correct ones to design for in the p.t.

Unfortunately, (a) and (b) are conflicting requirements. The
first requires a large I\'p while the second requires a small NP: the first

’ requires a large core cross—secticnal area, A, while the cecond requires a

small winding circumference, U. For a cspecifiod meximum decay of pulse
amplitude there is, therefore, a lower limit on the rise time which may
be obtained for a given impedance level.

4.2 Limitations

In formulating decign svecifications it is important to keep in
mind the fact that an actual p.t. can in general perform no better than an
ideal transformer. For example, concider a voltage step-up p.t. (n>1) to be
used in the circuit of Fig, 14, Let % = 1000 ohms, R .= @ , O, = 10 puf,

T
€ =15  upf, (a 6AGT feeding a 6AG7, for instance), and n = 2. Concider-

2]

ing the p.t. ac an ideal trancformer, a calculation of rive time (0-95%)

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

It would not be pensible, therefore, to specify a rigse time any less than
. C.? microseconde for a p.t. used in this circuit,

The conflicting requirements mentioned in Section 4.1 also

impose a serious limitation on reasonable specifications for v.t. response.




APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

03L5
Herort R-122 Page 37

It is generally impossible, for example, to design a pn.t. which will vass
catisfactorily beth a very short pulse and a very long one,

An exception to the above limitations mny be found in the one-to-
one-ratio p.t, discussed in Secticn 3.41l. The resoonse rice time for step-
function excitation is practically indevendent of the croduct Li €4 and
hence of Nﬂ for this type of p.t. Accordingly, the conflict mentioned in

Section L,1 does not apply, and ¥ may be nade ac large as necezsary without
r

sacrifice of rice time. However, the time delay, 11, introduced by the »n.,t,

c! ard, in thogse crees vhere a long delay ic as

] g

ricse time, a confliet still exists,

4,3 Core

From the discussicn of Secticn +.1, it is seen that the core

| ghould mearns
that 111ty
ani low 1 the in Section %.21,
-9
g = E?FTE s 10 7, vhere L, is deterrinel from the drecor in rulce
: I

response. )

irsuleted laminations made of high-resistlivity raterial,

lamination thickress (d) cn core loss may be seen by examination cf Fo. 311,

in which 4 arvwears in the denominator cf the exvrecsion for R,, The smeller
the value of d the larger will bde R , the ccre loss with

L&

its accomvanying objectionable attenuation,

Several different alloys have been develorel fcr rroiucinz a high

. resictivity and hish vermeability at low flux lencitles, GScme of these
are: Yolybderum Permalloy(s Yo, 7% i, 179 ¥e); lumetal (7W4 Y1, 209 Fe,

5% Cu, 1% 'n); Vicaloi and 45 Permalloy (Iron with k5507 7i); Hivereil
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’ (Iron with about 3.5% Si). Special annealing and rollins processes have
been developed to improve further the characteristics of these 2lloys.
Rolling orients crystals of the metals in a preferred direction so that
the edges are essentlally parallel. Vagnetizing force is thus considerably
reduced and permeability increased. T

The curves of Fig. 13 provide a comparison of three core materials
tested under identical pulse conditions. These show that Mametal is some-
what supericr to both NWicalol and Hiversil, at least for the particular
impedance level, vulse lengthe, etc., used in the tests.

A zood qualitative comparison between Mumetal and Hipergil cores
is found in Photographs F-6-6 and F-6-8, Fig, 5%, The first is the pulse
response of a winding with a core of Mumetal. The second is the response
of the same winding with a Hipersil core of the same cross section,

l These photozraphs show a decidedly greater pulse droop for the Hipersil
than for the Mumetal core.
P.t.!'s for the computer of Precject "Thirlwind will probably use
Hipersil cores exclusively because of their good mechanical design and
availability, even though they do not have the best electrical uroverties.
Hipersil cores rroduced by "estinghouse EZlectric 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 tc insert them into
preformed windings and apply a metal band to hold the butt ends together
under pressure. A mounting plate is also easily attached with the
vand (Fig. 3).
Mumetal core material ig usually manufactured in the form of
single c-type laminations (examples shown in ¥Figz, 1) vhich must be
. applied to a winding ty interleaving one by one. Photograph FR-20,
Fig. 1, shows steps in the construction of » p.t. with Mumetal

laminations.
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4.32 size of Core.

’ The core size is determined by the requirements mentioned in
Section 4,1. Size must be such as to oresent the shortest possible
magnetic path length, Jm_ end the greatest cross—cectional area consistent
with a minimum length of wire per winding, Calculations fer determining
optimum shape are difficult because of the non-linearity of the core

material; an experimental procedure ic mich m

e practical,

A direct exverimental methed for selecting the proner core is to
choocse a length of wire as close as voossible to that vhich will be used in
the primary winding of the p.t. to be designed. It must also be of the
same diameter cr geuge as that used in the p,t. This length of wire is
then wound in a single layer (assuming that the primary will have a singzle
layer) on the available types of corec having different sizes and shaves
(come of which may be eliminated becsuse they do not have sufficient
window length for the winding). The resulting inductors are then compared

2 in the circuit of Fig. 7 by applying a oulce of the length to be employved
in the p.t, being designed. The walue of Rn should be such as to
represent both yrimary and secondary loading to be used. Resuonses are
Judged according to the amount of drocp exhibitedr the inductor giving
the leact droop has the most saticfactory core.

Tested by the above procedure, the best core will be the one
vhich hag a window just long enocugh to enclose the winding., This,
however, ascumes that all veossible sizes and shanes of cores are
available for the test, while actually only a limited number are
obtainable at this time. The best assortment is supplied in Hiversil
material (which is a furtter reacson for ucsing Hipersil cores in the

. computer of WWI),
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4,33 Lamination Thiclkness (d)

| ' It is well known that eddy currents in a core tend to decrease
flux deneity at the center, thereby decreasing the permeability; that
laminating the core ccunteracts this effect; and that increasing the
resistivity of the laminations lowers core losses due to eddy currents,
For pulee applications it is.found that, other things being equal, there
ie an optimum laminatvion thickness for each pulse length. For example,
a Hipersil core with 2-mil laminations is better for a 2-microsecond pulse
than one with l-mil laminationse, while for a 0,05-microsecond pulse the
l-mil laminations are superior.

As the lamination thickness ig decreased, the ratio of iron
cross—gectional area to total core cross—sectional area (stacking or space
factor) becomes reduced because of an increase in number of laminations
nececsary. This lowers the core efficiency and tende to counteract the
improvement mentioned above. The latter effect ic negligible, however,
for the cores that are currently aveilable, as may be seen from the
stacking factors specified for the Eipersil material: for 2-mil material,
the stacking factor is given as 89%; for l-mil material, it 1is BE%.

The optimum lamination thickness may be determined
experimentelly by exactly the same procedure as suggested in Section
3.22 for finding the ortimunm core size. Fer present computer arplica-
tions this will involve merely the comparison of two different Hipersil
lamination thicknesses, 1-mil and Z-mil.

L4 Windinge
4,41 Number of turns per winding, ¥,
The numbher of turns in a winding is determined by reouirement
' (a) of Section L.1. For a given core, the value of ¥, may be calculated
aporoximately by using curves as in Flg. 9 and 10, The procedure is to

sketch the desired pulse resvonse, with its allowable droon, for the
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winding connected as in Fig. 7 and obtain its voltage-time area and

-

amplitude. These quantities may be substituted into Equations 3-9 and 2-10
to get Bpax and %% , using a trial value of N,, The graphs of Fig. 9 or 10
are then entered to obtain u_ , vhich may be substituted into Tq. 3-7 to
find Ly. Using this value of Ly, the droop is calculated. If it does not
check with that of the sketch, a new value of IV, is assumed and the whole
prrocedure repeated until a check is obtained.

The final wvalue of YN, may be obtrined by experimental measurements
of the respcnse. In many cases the above procedure for finding an
approximate 1T may be replaced by a good estimate based on experience or
by testing a number of windings.

The number of turns in the secondary winding (ys) obviously will
te nlf, . It is important to note here that for purposes of analysis either
winding may be called the primary,

L.L42 wire Size

For a given Ny, the wirc diameter, Dp, determines the length

of winding, 4 which must be large for

(zﬁPDP)' and < determines Lm'

large <y. Thercfore, in order to minimize 4y for requirement (a), the
wire should be made as small as possible. The lower limit on wire size
is fixed by mechanical ctrength, the smallest reasonable size being
about 39 A.".G. In general, the wire used in the winding with the
greater number of turns should be about this minirum size.

Wire size also appears in the exvression for characteristic
impedance, Z,, given in Eqs, 3-P2 and 4-3, and in many cases it vill be
determined by Z, rather than by requirement (a), as discussed above.

L,L3 Geometry

. By winding geometry is meant the arrangement of windinge in
the primary and secondary. The secondary may consist of two windings,

for example, one on either side of a single vrimary winding, oppcsite
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ends of the two windings being connected; or the primary and secondary
i may have windings on both legs of the cores with appropriate inter-
connections. Only the fundamental case of a single primary winding and
a gingle secondary winding will be considered here; more windings are
added only tor ithe purpose of o?}gining a higher value of L., »nd in
this report it is assumed that sufficiently high Veiues of Ly can be
obtained by proper cheice of cores,
4.4 spacing between windings (A )
inding spnci#g is important in determining the characteristic
impedance. For a given wire size, Ip is directly vroportional to Ay .
For a desired Z,, Eq. 43 may be solved to give the value of Ay .
Spacing A jis 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 ) 4.
Section 4.1 discusses a method for determining the best ratio
. of Li to Cﬁ and hence Z,. Section 5.4 desecribes a procedure for measuring
the value of Z, and thus for determining vhether or not the spacing in
a particular p.t., is correct.
4.45 spacing tetween Inner 7inding and Core (M)
The layers of paver applied between the inner winding and the
core govern the core capacitance, C,. As pointed cut in Section 3.11,
this capncitance may be made negligible by reducing it to the point
where one-third of it (Cé} is negligidly 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 of fewer turns.
L.46 Constriction of “7indings
. In conetructing 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 v.t. A total thicknesc of paper equal to A, is then applied by
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winding on at least two layers of paper (usually Kraft or other paper of
equivalent low loss and low dielectric constant). The inner vinding is
next applied by turning it on the mandril, forming a close-wound solenoid,
Another thicknecs (hi) of paper is applied, and, on top of that, the outer
winding. Protective paper is wound on top of this, and strips of clear
celuloge-acetate tape ("Scotch" tape) with good electric proverties are
used to hold windinge and paver in place. Finally, the mandril is removed
and the core is inserted and banded. If terminal lugs are used, they may
be taped on and soldered to the winding ends,

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 F-7-4, Fiz. 55,
shows distortion producel by windings displaced with respect to each other,
5. VEASUREMENT

5.1 Primary Inductance

Because of the non-linearity of the core material, a sine-wave
measurement of Lp is meaningless. The only measurement that is useful
employs a pulse c¢f the length to be used in the actual operation of the
p.t. The circuit of Fig. 46 may be used for this purpcse and the output
at point E displayed on an oscilloscope. The value of LI may be
calculated from the amount of deccay cobserved at the end of the pulse,
or the measurement may be used only qualitatively.

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; at freouencies for which CJ.
precenta a reasonably high impedance, This may be seen by examining the

equivalent circuit of ¥ig, 6 with the output terminals shorted together,
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It will be noted that Li appears in parmllel with L, across the input, but

-

since Lp>> Li, L may be neglected.

Fhotograph F-5-31, Fig. 53, shows the pulse response of a primary
with the secondary short-cirecuited. Xnowing the loading across the primary,
it is a simole matter to calculate L£ from the rate of decay of the pulse
so obtained,

A simple method for measuring L£ independent of Lthe value of
C;S and other stray capacitance across the primary terminals is to use a
Q-meter, The procedure is to find the resonant frequencies fy and f, of
the primary with shorted secondary when paralleled with two different
external capncitances, Cy and C,, each of which is considerably larger

1
than stray shunt capacitances. Then LL may be calculated from the

following formulas

(5-1)

(emf) £5) (Cp - Gl)

5.3 Distributed Caracitance
Capacitances Co and Ci may be measured directly on any
capacitance bridge at frequencies in the region of 60 cycles. The low
freouency is necessary so that inductance reactances will be negligitle,
5,4 Characteristic Impedance
The circuit of Fig, L5 with pulse excitation may be used for
measuring the charagteristic impedance of a winding. The procedure is to
cbserve the waveform at A for different values of Ry. The value of Ry
which causes no reflections or produces least distortion at A is the
characteristic impedance, 2., of winding AC. Photographe F-L-25,-28,-29,
Fig. 50 and 51, show steps in measurement of Z, for a one-to-one ratio
p.t. (T16). Photographs F-5-21,-22, Fig. 52, show stepe in measuring

2o for the low-voltage winding of a two-to-one~-ratio p.t. (T24),
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It is important that RP be different from Z, in this measurement
in order to exaggcrate pulse distortion due to improper values of Ry. A4An
advantage inhcrent in this measuring technique is that no capacitance
which would interfere with such a measurement is intreduced across Ry.

6. OGCILLOGRANS

All test circuits for oscilloscope photographs (Fig. 50 through
58) were mounted vithin two inches of the upper vertical deflection plate
of the cathode ray tube in a Model 5 synchroscope. Thie made possidle
the use of wvery short connecting leads which reduced to less than 7 upuf
the shunt capacitance alded to the circuit by the oscilloscope. This
capacitance has negligible effect except where indicated., The low
inductance of the short leads permitted cbservation of cteer wave fronts,
as in F-4-0, Fig. 50, without objectionable ringing,

' It was imposeible to illuminate the grid on the facc of the
oscilloscope adeouately with the camera attachment used for oscillograms
in the ¥-L,-5,-6,~7, and -12 series, tut it ig hoped that gaps due to
5rid lines showing in the beam traces 'vill serve the purpose., A scale
chowing grid spacing is also previded at the bottom of each plate,

Sweep speeds (or horizontal scale factors) are specified by the time
nccessary for the beam to traverse the distance between grid lines

(0.1 inch on actual grid).

F-4-0. Input voltagc pulse (1/4 wsce) uscd for all photographs
in the ¥-L amd F-5 series. It is the pulse voltage which appears across

R, of Fig. 42 with R ¢ disconnccted, Accordingly, it is the input

s
voltage for the circuit of Fig. 43, vhich will be referred to in
' discussions of the F-L4 and F-5 photographs even though the experimental

circuit has the inmut of Fig, 42,
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F-4-p2,-73,-P4. VWaveforms at points A, B, and D for the circuit
of Fig., 44 with p.t, T16, which is described in Sec. 2.4 and App. 6.5,

R, = 1100 ohms, Rg = Ry = 1000 chme, €= 0, When the oscilloscope is

connected to A, C, = 6.6 uuf.
F-U4-25,-28,-29, (-29 in Fig. 51) Waveforms at A in the circuit

of Fig. 45 with T16. R, = 1100 ohms, R, = 500, 1500, 4700 ohms. These

photographs demonstrate the delay-line action of the windings and show

that the characteristic impedance of T16 is somewhat less than 1500 ohms.

Fig. Hl.

F-4-29. Discussed above,

F-5-1, Yaveform at D with R grounded. T16 with R, = 1100,

R. = 1000 ohms. The p.t. acts ns a thase inverter,

¥-5-5,~-T7. Waveforms at A and B, D grounded, Fig. 43 with T16,

oo
|
—
—
o
(=]
jee ]

}, = 1000 ohms. For F-§-7, C, = 6.6 uuf, Cp = 0. For

F-5-5, 0g = 0, C; = 6.5 puf,

¥-5-10. Waveform at A, FTig. U5, 716 with R, = 1100 ohms,
Ry = 0. Thig shows delay-line action with ehort-circuit termination.
Input end has aprroximately the characteristic impedance across it

(Z, = 1200 ohms).

F-5=12. Double exvosure showing the waveform at A suverimposed
on thet across R, with the circuit of Fig, hﬁ (if the voltage source is
rcplaced by the actual current source shown in Fig, 42). T16 with Ry =

1300 ohms.
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Fig. 52,
‘ P-5-14, Double exposure showing waveforme at ® in Fig, U6 with
switch §; open (b) and with §; closed (a), The sloping waveform (a)

illustrates poor low-frequency response,

¥F-5-16, Waveforms at A and D, Fig. U3, shown in double exposure.
P.t. is T16, B grounded, Ry=Ry = 1200 ohms. Except for stray capacitance
added by the oscilloscope, Cg = 0. A delay between input pulse and

inverted ocutvut is demonstrated.

F-5-17. Same as F—5—16 except C, is increased by 20 upf. The
dir in waveform A is due to a reflectlon in the p.t. arising from the

impedance mismatch at CD introduced by the added capacitance.

F-5-18. Yaveform at D with B grounded in Fig. 43. 731 with
l Rp = 11C0, Ry = 1000 ohms. The characteristic impedance of T3l is 1000
- ohms, and there are 88 turne per winding as compared to 118 for T16,

Coensequently therc is less delay than in T16, which is evidenced by the

shorter negative "undershoot" preceding the pulse,

The waveforms of F-5-21 through F-5-32 are obtained with p.t.

T2k. Specifications for T2k are:

N.oo= Lk
P
¥, = 88
A = 00,0625 square inches
Ki = 0.021 inch
Ly = 0,437 inch
y = 35 upf (measured)

7.3 Wh. "

-
rt
1
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F-~5-21. Double exvosure showing waveforms at A, Fiz. 45, with
" Ry = 270 and 1000 ohms, Hp = 500 ohms. “inding AC is the Ll-turn winding.

Proper termination is obviously somewhere boetween the two values of R used

for these oscillograms.

F-5-22. Same as F-5-21 with Ry = L70 ohms. This is apparcntly
the correct termination for the low-voltage winding since no reflection

can be seen in the response.

Fiz. 53.

P-5-P4, Same as F-H-?1 except that winding AC is the 8&-turn
winding of T2L, and Ry = 500 ohms for one expcoure and 1000 ohms for the
other., The rectangular pulse (b) is thc waveform for which Ry = 1000 ohms,
indicating that this is approximately equal to the characteristic

impedance for the high-voltage winding.

F-5-25. Waveform at D, Fig. 43, with B grounded. ‘*/inding 3D
is the higher-turn winding of T?4. R, = 1100, Ry = 2200 ohms. This

photograph demonstrates step-up inversion. (The poor leading edze is

relatively independent of the valuc of Rg.)

7-5-27. Waveform at B, Fig. 43, +ith D grounded. Rcmaining
circuit elements are the same as for T-5-25, This demonstratcs step-up

action without inversion,

F-5-31. “aveform at A, Fig. L5, with AC the low-voltnge winding
of T2h, Ry = O, Hp
inductance or, uesing delay-line theory, it shows reflections arising from

= 500 ohms. This chows the effect of leakage

a short-circuit across one end (CD) of the p.t.
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¥-5-32, Waveform at D, Fig., Lh4, with the high-voltage winding
. of T24 as winding BD. P.p = 500, Ry = 1100, Ry = 1200 chms. The output

is much more rectangular than that of F-5-25, showing the effect of proper

termination at end CD.

Fig. Hlb.
F-6-5. A S-microsccond pulce which is the input voltage, B

for response patterns shown in ¥-6-6 and F-6-8,

F-6-6. Waveforn at A, Fig. 46, with switch closed. R, = 3000
chms, The p.t, is T17 with a Mumctal core (110 laminations). The number
of turns per winding is 118 (the same as for T16 of Sec. 2.4). The cross-

sectional area of the core ie 0.0625 square inches,

F-6-8, Same as for ¥-6-6 except that the Mumetal core was
l replaced by a Hipersil core without a metal banding strap. The Hipersil
core has the same cross section and its magnetic path length is about

equal to that of thc Mumetal corc.

¥-12-19., Illustration of oscillations in p.t., outvut duc to
insufficient primary damping. The oscillating waveform (a) is obscrved

at point D, Fig. 42, vith B grounded. Ry, = O, R = o, C; = 6.6 UL f,

2
the same point with R, = 390 ohms. The p.t. is 'estinghouse unit 166 aw.

€. =0, R = 100 ohms. The more rectangular pulse (b} is obtained at
o]

F-12-4. Doudble exposure showing waveforms at both A nnd D in
the circuit of Fig. L3 with T19, which ic the same p.t. as T3l cxcopt
that one winding is wound in the opposite scnse from the other. Point B
is grounded, Rp = 100 ohms, Hy = 1000 ohms, and capacitances arc zero

except vhere the oscilloscope introduces about 7 MR T, This photograph

clearly shows that no delay is introduced by this type of transformer.
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Both pulses begin to rise at the same point even though the output vulse
. at D exhibits a slower rise than that at A,

%-11. Triple exvosure showing waveformg at A of Fig. U2 with B
gronnded. The p.t. is Westinghouse's 132 jW..2., Points A, B, € and D of
Fig, U1 corrcspoﬁ'a‘t‘ﬁ;wfg.m_l__:___j_,_ 2, and Y4 respectively of the p.t,
Rp = 500, R, = 0, &, and 180 ohms. Wi Vavorora 2ok T w0 sHous &lakiost
pulse of duration equal to twice th:: one-way delay of the p.t. followed by
a few rapidly damped reflections, and another similar pulse with oppocite
polarity at the termination of the input pulse. Since 180 ohms is the
characteristic inpedance of the p.t., this value vhen used for Rg
eliminates reflections and allows a perfectly rectangular pulse tc appear
at A. TFor Ry = o, reflections add, and produce a staircase effect. The
decrease in amplitude beginning near the middle c¢f the waveform is due
to poor low-frequency response, It will be . noted that all three waveforms
trace the came initial ster just as would be expected if the p.t. were
acting as a delay line.

Fig. 55.

F-7-1. Waveform at A, Fig. U6, with the switch closed. The p.t.
is T17 with a Hipersil core. R.n = 3000 ohms. Pulse durstion is 1 U sec.

¥-7-3. Double exrosure showing waveforms at D, Figz, 43, with B
grounded. The p.t. is T17, Rp = 1100, Ry = 1100 ohme. Pulse duration is
1/2 W sec, The upper trace was made with a Hipersil core in T17. The
lower trace shows the effect of removing the core entirely. It will be
noticed that rise-time or high-frequency resvonse is unaffected.

F-7-U. The upper trace is the same ac the lower trace of F-7-3.
The lower trace was obtained when one winding was displaced longitudinally
. 5/32 inch from the other. It may be seen that the effect of this ic to

introduce a larger negative voltage (which is in phase with the input

pulse) during the delay interval preceding the inverted pulse.
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F-7-11. Triple exposure showing waveforme at A, Fig. U3, with »
grounded, The p.t. is T19. Rp = 1100 ohms., The top trace is made with

R, = L70 ohms, the middle trace with Rg = 1100 ohms, the bottom trace with

]

R

s 2200 ohms, This indicates that there is an optirmm terminating

resistance, in this case 1100 ohms.

P-7-12, Waveforr at D for the same circuit aes ueed for photeograph

F-7-11. Ry = 1100 ohms.

F-7-13. Waveforms at B with D grounded. Otherwise same
circuit as for F-7-12, The upper trace is made with R, = _, the lower with

Ry = 1100 ohme.

Fig. 56.
Photographs F-103-1,-2,-4 on the left in Fig. 55, show pulse

. responses of three different pv.t.'s in the circuit of Fig. U7, while the
vhotogravhe oppoeite them are output waveforms of their low-freouency
analogues. Because the input, xi. is a positive yrulse for both circuits,
the output waveforms are positive for the actual n.t. (inverter) and
negative for the analogue. Commparison vas therefore facilitated by
printing photographs F-103-5,~7,-8 with the negatives reversed, thus
producing a mirror image of the actual outvut pulse which appears like a
pulse of opposite polarity, The input amplitude and bias voltage of the
6AGT driver tube in the analogue circuit were adjusted to account for
the voltagze step-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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F-103-1. Output waveform of the circuit of Fiz. 47 with T52D5,
' which has the following specifications:
Hp = 177
L. = I

4y = 3/b inch

o increases from 0.003" at one end to

C.025" at the other

L. = 35 Hh. (measured)

e
o
]

100 Ui f, (measured)

n = 0.21

F-103-2, Output waveform of the circuit of Fig., 47 with T30,
Specifications for T39 are:

¥ o= 58

¥. = 12

4y = H5/16 ineh

Ai = 0.0% inch

1. = K2 Wh,

Cy = 9 ppft

n = 0.207

F-103-4, Output waveform of the circuit of Fig., L7 with T53A.
Specifications for TH3A are:
u = 120
N. = 30
4. = 5/8 inch
Ay = 6,014 inch

L. = 32 Mh

Cy = 30 Muf
n = 0.25
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F-103-5. Recsvonse cof T39 analogue. ZReferring to the clreuit of
y Fig. L8,

C; = 10 puf. (Cutvut capacity of 6AGT vlus strays)

Co = Cp = 5 wf.
ki = 1.2 mh

32 = 1000 ckms

kL, = 30 mh

R, = U500 ohms
(The eddy current resistance R, has very little effect on the transient
resvonse for thie p.t.)

¥-103-7, Resvonce of TH3IA analogue, Referring to the circuit of

Fig, 48,
’ k = 23
C; = 10 Muf
‘ 6, = Cp = 13 upe
! = 750 mh
Ry = 110C ohms
"d’l— = @
Ry = 20,0C0 okms
F-103-8, HResponse of T52D% analogue. Referring to the circuit of
Figz. UB,
k = 23
¢y = ‘10 ML
Cp = Cp = 28 ups
Ky = 0.8 mh
. Rs = 100C ohm
K, = @
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‘ (The orimary inductance L was cmitted in these last two analsgues because

low-frequency response was of no varticular interest, It is true, however,

that the addition of L, would make for a better dunlication ~f pulse shape,)

... Oscillograms in the F-118 series demonstrate a ringing-comrensating network

which is shown in Fiz. 4+ and discussed in Sec,- 3.4, Characteristics of

T.t.'s used in these vhotos are:

N, = 98 A= 1/ x 3/g"
N, = 96 Ay = 8 om.
g 2 % inch
Ny = 0.003 inch
n = 1
L, = 1400 ohms (measured)
' 660

= ¥, = 19 A = 3/16" x 1/un
¥, = 19 Am = 6.5 cm,
4y = 3/16 tnck
Ay = 0.049 inck
n = 1
2, = 110C ohms (measured)

Fig. 57
F-118-20Q, Resronse (E,) tc a 1/20-.cec pulse of the circuit of

Fig. 49 with p.t. TE6C. Switch Sl is open anil So cloged.

Rg = 1100 ohms, C; = 9@ pjuf.

F-118-21. Output waveform of the same circuit as for F-118-20,

- exceot with §; closel, Rp = 500 chms, Ly = 10 uh,

F-118-22. Cutvut waveform c¢f the sume circuit ae for F-118-20,

o]

except with 5§, closed and §p oven. Ry = 550,
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F-118-23, Cutput waveform of the same circuit as for ¥-118-20,
except with S, open.
Pig. 58.

F-118-2L. Response (E,) to a 1/L usec pulee of the circuit of
Fig. 49 with p.t, T63C2. Switch 5, is oven and 5, closed.
Ry = 1200 ohms, Cg = 13 MUT,

E:llﬁ:ii- Oﬁtnut waveform of the same circuit as for P-118-24
except with §, open. BR = 1000 chms, LR = 25 Mh,

P-11£-26. Qutout waveform of the same circuit as for F-118-24
except G; closed and §, oren. R.L = 0.

F-118-27. Output waveform of the same circuit as fcr F-118-24

excert with 5, cloged.
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7 APPRDIX
’ 7.1 List of Symbols
Symbol ‘chir.itio_r_t_
p.t. Pulce transfermer
A Crrss—sectisnal area of core
R ¥lux dencity
Biaw Maximum flux density
e Velacity eof light
"‘é Equivalent cavacitance referred to the nrimary.

Heprecents effect of CJ

Co Cavpacitance between inner winding and core
C,: Bouivalent capacitance (referred tc¢ vrimary)
s revrecenting Cy

C4 Interwinding capacitance

C, First shunt cavacitance in equivalent circuit

Co Seccnd chunt capacitance in eguivalent circuit
’ D ‘lire Diamater
D Diameter of wire used in nrimary winding
D Diameter of wire used in secendary winding
i Laminaticn thickness
By Inrut veoltage
A Qutput voltage
3; Voltage acreoss vrimary winding,
Eg Voltage acrcesc secondary winding
E Amplitude of input voltage
E> Amplitude of cutput veltage
£ Dielectric constant (CG3)
. f FYactor by which Cy is multinlied to obtain 'C;\
I Intut current
I Amulitude of input current
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List of Symbols (continued)

v Symbol Definition
Im Magnotizing current
IP Current in primary winding
Is Current in secondary
k Prequency conversion factor
LL Leakage inductance referred to primary
I.-m dagnaetizing inductances
Lo An inductance constant giving effective

primary inductance at t =1

L} Primary inductance
LR Inductonce used in ringing-compenscéting
network

by Mean mognotie path length
Ly, Wdinding longth

)

' n Ratlo of sucondary to primary turns

B NP Humber of turns in primary winding

ﬂs dumber of turns in sccondary winding
R Zquivalent resistance representing effoct of

eddy currents

R, Zquivalent resistance represcnting effect of
hystercsis

R Total resistance paralleling primary inductance

Ro Source resistance

RP Primary shunting resistance

RB Sccondary shunting resistance

Rau Series resistancu between gunerator and
transformer

First shunting resistance in equivalent circuit

o)

o

Second shunting resistance in cquivalent circuit
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List of Symbols (continued)

Ta
Single prime (')
Double prime (")

L) Rige time (0-95:)

Duty factor

Definition
3witches
Time variable
tlean eircumference of windings

Pulge voltage difference betwocn adjacent
winding cnds, A and B

Pulso voltage difference between adjacent
winding ends, C and D

amplitude of pulse voltage across primary
Amplitude of pulee veltage across sccondary
Stored energy

Znergy stored in interwinding capacitance
Vuriable used for distance along a winding
Characteristic impedance

Separation between windings at vnd AB
Suparation botweon windings at end CD

Separation between windings in a two-winding
transformer

Scparation between core and inner winding
D-C permeability (gauss per cerstod)

iffective ineremental permeability (gauss por
ocorsted)

Resistivity of core material (chmecm)
Pulso duration

Julay time

Aefers a quantity to the primary side
Refers a quantity to the secondary side

Time nccessary for veltage or currcnt te reach
95% of its final asymptotic value.

Product of pulse duration and pulse repetition
frequoncy,




e e . — -~ e

‘APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

Report R-122 ) Pago 59
T:2 Caleculation of Leaknge Inductancu

& To demonstrate the procedurc used for calculating leakago
inductance, the simple two-winding p.t. will be considered. Assuming
tiant the ampere-turns arc squal in the two windings, primary ond svcondary,
and that the length of the windings is large compared to the spacling
between them (,{‘;1:-?\.1), the ficld in the space botweon them should be nearly
the samc as that within a solenoid having the same number of ampere-turns
as onc of the windings., If it is assumed that thore is uniforn current
distribution scross the laycer thicknuss, the ficld is as showm in Fig. 59,
and its magnitude is as follows:

In the primary

b w1 X
Hl = —P F. (-f)-—-l—-— cergtuds,
L v‘." p

where x is measured from thu side of the primary next to the core.

Betwcen layers

H = U N 1
2 = P [} .
A.'w
in tho sucondary
b= 1 1 X
H = [; I) 8
3 (Lo ot}
Ay 8

where X, is measurcd frem tho ingido of the sccondary.
Since the interwinding space has the samo pormcability as air
e
(u= 1), the cnurgy in mognetic ficld H is given by W = % OTES wul' CC.

Tacrefore, the unergy stored in the ficld botween layers is given by

D rp
u 'tl‘v i_ R P % 2 _‘l 8 .
§ = - | H, dx +« HS A +| HI dx
8n Lo P 2 i l 3 3 ]
K 0 ”
] = 2
. 2ng? 1% [ A b D, D 'l
£, L N
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Sctting this expression cqual to an oxpression for cnergy stored in

1
, L. which has Ip flowing in it in the cquivalcnt circuit gives
p e}
2n N? I3
1 . . -
%— lL I2 = ...-—P—E-—— hi -+ Da DP
= P Lw 3 »

fron which,

s W N U _}+D+3 _i
= % 4 —“—-——j—l-—— ‘ abnenries (7-1)

'
7.3 Calculation of CD .

If the winding layors of a two-winding p.t. arc considored

ag parellel plates of a condenser with length »w. width U, and scparation

A ., the total capacitance botween windings is given by

i
-12
[~ 1 AL g Y a
c. = 0.0385 .U W 10 farads. (7=2)
i X
i
. The cnergy stored in a section of width U and length dx (Fig. 60) is
c [~ T
dW = di— Av i f
x
A |_.I i _

whore A 'lr'x is the voltage between windings at height x measurcd from the
lower cnd., Letting VAB reproscent the voltage rise from ond A to adjacent

end B, and V the rise from C to D, and assuming a lincar vecltage dis-

CcD
tribution along the windings,
= —
BV | s o Wi ) il W W i
x | AB D cD |
v !
Substituting this into the cxpression for dW yiclds
ci . _‘a
= b i + T
dw 7 {J'AB VCD} X \'«D
W

Integrating over the range from 0 to jq gives for the total crnergy stored
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|
-

W=

1
The walue of CD may now be dotermined by sctting this encrgy cqual to that

L]
stored in GD and solving. This gives

c |
! i = a‘
% = 37V s * Vs Yo * Vo |, (-3

wnerg V_ is the voltage across the primary winding, AC.
P
Now if ends B und € are grounded, or the p.t. is uscd as an

inverter, the voltages across the onds arc given by

P S 3
0y = 3 (1 + n + n9,
1 :
The ratio fl - GD/Ci is plotted against n in Fig., 62,

If ends C and D are grounded and the p.t. is used as a non-

inverter, tho end voltages bocome

Vg = (-1 ¥
VCD = Q.
Substituting as above,
c
Vo i a
GD = 3 {n - l} ’

vhich is also plotted in Fig, 62,
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7.4 Capacitance Calculations for a Taperced Spacer between VWindings.
In nany casvs wherc the pulse voltage across onc end of a p.t.
is much greater than that across tho other end, interwinding capacitance
offoets may be groeatly reduced by ueing a tapored spacoer between windings.
The wide end of the tapor will inecrcase spacing and reduce capacitance at
tao high-voltage end, while the narrow taper cnd will decrease spacing
at tho low-voltnge end,
It is doesired to compute Ci when such a spacer is uscd, Letting
)\‘C'D bo the spacing at the narrow cnd and KAB that at the wide end (Sce

Fig. 61), the following analysis may be used to detormino the total

capacitance betwoun windings which would be found by direet measurcment,

Let C:t = Capacitance of scctiion with width U and height dx at X

- 0.088‘3; U dx i,
x
! where A g = spacing at hoight x
. U = average circumferoncoe of tapored windings, -
From Fig. 61,
a 3 A\ . T by

Me = (g = M) e D

Integrating cver the range from O to 'L"w gives for the total copacitance

Thow
€, = 0.0885 = U dx
Aap= Mep) E— e
0 A =
0.0885 Uy X
= w .
log( AB .
( Mz = Mep —— TIVE 8 (7-14)

N 'CD
!
low if it is desired to find GD for the casc whero onds C and D
. are groundcd and the p.t. acts as a siep-up non-inverter, the following

proccdure, which is similar to that of Scction 7.3, applies. Thus
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# Vg = (a=1) v

and

Yoo = o,
giving

! x
Y. = (a=1}7 ; ——\
x \ ,Bw i

From the forcgoing analysis

o - 0:0885 © U dx 10732 farads.
o Mgy s Mg 2% A
A
Therefore ?_; . o by
" 0.0885 = U (n-1) P 107 | x?  dx
£ Ay b l (Xaa“kon) X +\
~=""" oD
[+] ¥
W
2 o
i __0.0885 = U (n-1)2 ?p Ly Mepp  1o7Re
3
2 ( Mg = Ngp)
r/ Y A A
J/):AB_> (__}ﬁ_______) )
|\ ) + log_ ——— >
b 2 © \ o /|
1 . =
Sctting this energy cqual to -l- C; VP and solving gives |
¥ ) ;
, (m 3)(haz _%
c' _ _0.0885 £ U (n=1)2 4y Nop? 2D *.CD
| - - <] 2 [ 2
D (_x‘m A cn} ( e
¥ logo z S T0A o 7-5)
) 1
1 Cn
Now, tc get C, from measured capacitance Cl. the ratio 5 must bo

D
found., Dividing Eq, 7«5 by Eq, T=4 gives.

- o ’*AB-) (M\B -5
B = (n - 1)2 XcD / ¢D § §

- )
i 1 )‘Q - l> 2 1log MAB

1

L)) Mo
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This factor may thon be used in place of that in Fig, 62 to obtain C;
from the measurcd value, Ci.'

7.5 Sample calculations of Lealkage Inductance and Distributed
Capacitance for T16,

The epecifications for T16 arc as follows:

1 i
A = E b:/ E‘
7\0 = 0,021 1" = 0.053 cm,
Dp = Da = 0,005" = 0.0127 cm,
Ay = 0.021° = 0.533 cn,
U = 1.5 (measured) = 3.8 cm,
. = 0.625" = 1.5 cn.
e = 3.5 (papor)
N = N = 118 turns
. P 8
Subsvituting in Zgq. 7-1,
. L~ . (118)% . 3.8 :
1 2F
L = (0.0533 + ——o-'—g-)—lt—}::bhunrics

1.58

26uh  (actual measurcment by the mothod of Scetion U
gwvoe 33 Wh,)

Substituting in Eq. 7-2,

c' = o = 0.0885° 5.5 - 1,58 - 3.8
D i - 0.0533

= 35 uuf.,

(ictual measurcment on 60-cycle bridge gove 30  uuf.)
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7.6 Typical Designs and Applications
7.61 One-to-Onc Invertors

The most uscful application of an inverting p.i. is in
theo plate circuit of a pentede amplifior. A typical circuit is that of
Fig., 49, in which Ga ropresonts the input capacitance of a succccding
stoge, If a droop of 10-15% can bo tolerated, 6302 of Fig. 58 is about
an optimum design for a 1/W-microsccond pulsc at an impedance lovel
of 1000 ohms, Refurring to oscillogram ¥-118-25, the pulse risc time
(0=95%) is about 3.5 divisions or 0,08 microscconds for the circuit
of Fig., 49, whereas an ideal transformer would give a riso time of 0.1
microscconds (assuming 10 puf output capacitance for the 64G7). The
pet. introduccs a delay of about 0.02 microscconds, which maltes up the
difference. Tho LR—RR corrective notwork described on page 54 and

t shown in Fig. 49 must bo uscd if ringing is to bo climinated ia such a
circuit.

For a i/20-microsecond pulsc, T66C of Fig, 57 roproscnts
a good design at a 1000-chm impedance level for application in tho circuit
of Fig. 49, Thc total capacitance in thc circuit usecd for ¥-118-22,-23
(Fig. 57) 18 19 wf, giving a riso timc for an ideal transformor of
0.06 micrescconds. Rise and fall times moasurod in the oscillograms of
Fig. 57 aro all less than this,

If more precise reproduction of pulse shape is dosired,
tho impedance lovel may be lowered by applying resistive loading in both
primary and sccondary. ¥or this application, T16, T17, end T31 aro all
good dcsigns for 1/4—microsccond pulsus with 1000 ohms ncross cach side,
Oscillograms F-5-1 (Fig. 50), F-5-18 (Fig. 52), and F-7-3 (Fig. 55)
show rosponses of thesc transformers as inverters with both primary and

sccondary loading,
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N 7.62 Current Stop-Up Inverters

| The problem of introducing high-current pulscs into
low=-impedance loads such as transmission lines is one for wnich a p.t.
is well adapted. An example of such a p,t. application is that of
driving & 93-ohm trangmission line terminated at both e¢nds. With a p.t,
connected in the plate circuit of a 6AC7 as in Fig, 47, l/M4-microsccond
pulses of amplitudes as high ns 26 volts may be obtained across such o
load (47 ohms). (See oscillograms on left in Fig. 56) This mcons that
the pulse currente are of the order of 0.5 ampere, which could not ordinuri-
ly be obtained in a BAGT.

The bost design for such an application if T52D5, which is
descrived on pnge 52. The droov in 1/+ microseconi is enly about 3% for
this p.t. to satisfy a requircment which involves operating scven p,t.ls

| in parallel, 7To obtain this very small droop, a large number of turns
- are used in tho windings of T52D5, Boecausc of this, a tapered spacor is
cmployed to aid in reducing tac L;‘—C; product ns discusscd on page 62,
Hovertheless, a loss is taken in risc time in order to satisfy tho
stringent recuirement on droop. (The overshoot seen in ¥F=103-1, Figz. 5.5'
is not to be confused with droop.)
7.63 Non-Inverters
An example of 2 ono-to—onc p.t. which may bo uscd solely
for d-c isolation is T19, which is discussod on page 49, Uhen used as a
noteinverter at an impedance level of avbout 500 ohms, its responsc to a
1/Y4~nicrosecond pulse is as siown in F~l2-4, Fig. 54, The usc of windings
in opposite sensus in T19 eliminates the dolay-line type of distortion
. waich would be prosont if the windings wore in the same senso. Compare
waveform (D) of F-12-4 with that of ¥5~7, Fig. 51, fer example. The

latter waveform was obtained using T16 (with windings in the somo scnse)
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o8 o non-inverter with the same loading as for T19 of F-l2-4, It will

LS

be noted that rise time is much less for T19.

For other than onc-to-onc p.t.'s nothing is gained by
using windings in opposite sonscs, as may be shown by calculating 0;
for thosc cases. It will be found that f. (sec app. 6,3) is higher for

1

1
the same LL and C, with oppositc—sonsc windings than with windings in

-
the same sense.
An example of a p.t. which may bo uscd as a stop-up

non-inverter is T24, discusscd on page 48, Oscillogram ¥-5-27, Fig. 53,

shows the response of T2k uscd in this way.
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PULSE TRANSFORMERS WITH NICALOI,
HIPERSIL,AND MUMETAL CORES.

CONSTRUCTION OF A TRANSFORMER
WITH MUMETAL LAMINATIONS.
FROM LEFT TO RIGHT — WINDING BEING
FORMED ON MANDRIL, LAMINATIONS,
TERMINAL STRIP, AND COMPLETED
TRANSFORMER

FIG. |

A-30730
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EXPERIMENTAL PULSE TRANSFORMERS

ILLUSTRATING VARIOUS SIZES OF HIPERSIL CORES.

FIG. 2

A-3073)
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OUTER LAYER OF
PROTECTIVE PAPER —

PAPER SPACER —~ OUTER WINDING

BETWEEN WINDINGS ————_
= INNER WINDING

TERMINAL LUG ——————=(0 X

INNER LAYER
OF PAPER /5

} __ AMINATED
BANDCING STRAR —S

HIPERSIL CORE

__—MOUNTING PLATE

FIG. 3 CUTAWAY VIEW OF A PULSE TRANSFORMER
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FIG. 12 EFFECT OF AIR GAP ON PRIMARY
INDUCTANCE

DATA CALCULATED FROM WAVEFORMS IN
2TFW56 ; PULSE TRANSFORMER USED
WAS T 17 WITH Rp=3000Nn
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FIG, I3 EFFECTIVE PERMEABILITY vs. PULSE
DURATION FOR THREE DIFFERENT CORES
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FIG 14 GEMERAL. PULSE TRANSFORMER GIRGUIT

FIG. 15 AN EQUIVALENT CIRCUIT FOR FREQUENCY
ANALYSIS OF THE CIRCUIT 1IN FI&= )4

FIGS.I4 &15
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THE FORMER CHECKS WITH THE ACTUAL
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Fic. 21 HIGH FREGQUENCY EQUIVALENT
CIRCUIT IF 0 1S NEGLIGIRLE

]
i ]
* O T— CE0 T o
I L ) [-_' Ca ,f’ R Eo

L_ L) l l o ~

FIG 22 CIRGCUIN /HICH HAS RESPONSE
CHARACTERISTICS ASIMILARK TO THOSE
OF FlIG. 2]
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A-3306 38

Rp O B
O NN ———— 7 . - —
Ll 1 l
O L l O S ————

FI1G.24 Tl AS A NON-INVERTER.,

30 MMFD
100002
O—— At
Ly —
. 10000,
EL.-I 33Mh o C x Eo

MMFD I
0 ’ o

FIG.25 AN EQUIVALENT CIRGUIT OF FIG. 24
ACCORDING TO SEC.3.2.

FIGS. 24 ¢ 25
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22639

i

Ll

Q2

FIG 26

~L |
2

\\“‘Nh-—_.__
N |

CURVE A -RESPONSE OF CIRCUIT IN FIG.25

CURVE B-RESPONSE OF RCTUAL P.T.

004
TIME

0.08 o.l Ql4 als8
IN MICROSECONDS

COMPARISON OF OBSERVED RESFPONSE
OF A NON-INVERTING PULSE TRANSFORMER
WITH CRALCULATED TRANSIENT RESPOWSE OF

LUMFED-PARAME TEK  EQUIVALENT CIRCUIT,
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A-3os 40

CRp
& 5
EL T J.w 0000 ¢
z — - e e
(B e \
5000 — (D

@)

Rg ~ Cs T~ EOT
a—

FIG. 7 CIRCUIT OF FI16.24 REDRAWN TO
ILLUSTRATE DELAY LINE EFFECT.

___O___.1
‘\.;Rp = 10002 Qi\)
T 7 5=10000 SR
EL( \) o < =]
1. |
Re-1000 — = Cg-I0MMFD Rs ~—Cs
11 |
—) ¢ - O )
®
FI6.28 EQUIVALENT FI6.29  TERMINATION
CIRCUIT OF FIG.27 OF PULSE TRANS-
UNTIL THE FIRST RE- FORMER DELAY LINE

FLECTION RETURNS AT END A B
TO INPUT TERMINALS.

FIGS. 27,28, ¢ 29
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0 2y 47, 67Ty § s
FIG. 30.

CALCULATED RESPONSE OF THE
CIRCUIT OF FIG. 24 BY DELAY-LINE METHOD.
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s Rp = Zo
e 52,60 )
T |
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FiG. 3 CIRCUIT FOR CALCULATING WAVE
FORM OF SECOND STEP IN RESPONSE
CURVE SHKHCWN 'N FIE, 30

<

F165.30 & 3|
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R N
k,fl_rh corr- & Re3 CST' |
R I O B S

N

FIG.32 PULSE TRANSFORMER CONNECTED
TO ACT AS A PHASE INVERTER,

Rp Q _ ® _iﬁ
*|‘—k_— VWNI—0— 00000 /——= l_ 04_]__
O S
o
o Y, ;3 B o
Bl ® ® =iE

F16.33 PHASE-INVERTER CIRCUIT REDRAWN
TO SHOW DELAY LINE EFFECT. (CAPACITANCES
OMITTED)

FIGS. 224 33
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I B (/\ ) (B)
[ .: s . l I. I ——) —‘
N it %1 \ R J‘ lL‘.
(D R
] \ S © ) |
Ecl ) B4

FI16. 34. PHASE - INVERTER CIRCUIT SHOWING
DRIVEKR TUBE

—~ N\

(A ()

”4—7 QR —o l 1 Oy
Ip | /, g Cp — &:'\Rc_., —+~ Cs lEo :
I——< }«L— e IR r—]»_—Lw

g '\B \.D)

FI& 35. "DELAY LINE” EQUIVALENT CIRCUIT OF
FIG.34.

FIGS.34 ¢ 35
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B+

FI16.3e PHASE-INVERTER CIRCUIT OF
FIG.34 WITH COMPENSATING CIRCUIT.

@ (o 4112
!—()——T—-‘"-- 0Q000 , { /Wv_}—”—l
Ip! Cep _

‘ 'S " o 4 (j (‘.{‘:. ﬁ c N ey
l ® @ L aan—
Re

FIG.37. 'DELAY LINE" EQUIVALENT CIRCUIT
OF Fl6. 36.

FIGS. 30 § 37
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Lo

\9
0O
m

FIG 28.

\ |

L I

} —0
R5=20(/.: CS: ™ T ED
1——1&

T

EQUIVALENT CIRCUIT OF FIG.37

FOR CALCULATING OUTPUT WAVEFORM
WHEN ELEMENTS ARE PROPERLY AD-
JUSTED.
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Fieé 39 CURRENT DISTRIBUTION MMEDIATELY
AFTER INPUT PULSE IS INTRODUCED,
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FIG 40 CURRENT DISTRIBUTION A SHORT TIME
AFTER THAT OF FIG 39.
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Ree @) ®
T e T
A § <Ha ~Cp 3k R, Cs
| 3 |
LT ]
(6 (D

FIG.42. EXPERIMENTAL CIRCUIT (SED IN
OBTAINING WAVI koumd SHOWN IN
OSCILLOSCOPE PHOTOGRAPHS. I; REP-
RESENTS F’UL’-"ED PLATE CURR FMT
FROM A PENTODE (6AG7).

Rp =RstRae '\_

“_z--__ L T_ —[__ ?
B Tikg : gf: C; S ‘
J B o DU

FIG43. CIRCUIT OF FIG 59 WITH CURRENT
SOURCE CONVERTED TO A VOLTAGE SQURCE
FOR CONVENIENCE IN DISCUSSION,

FIGS. 42 & 43

\=-35 547




‘APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

| 1. Rr

. e e VAVAVA p
| &) (D'

FIG 44 PULSE THANSFORMER ACTIHC
M PRODUCE Tw0O PHACES SIMULTANEOUSLY.
(POSITIVE PHASE AT (B), NEGATIVE AT (D).)

Rp A (
f | VNI ————— | —)
L0
E — SR
' |r 000 ' v
l —— 4 P (R
| 5 1
FIG 45 CIRCUIT USED FOR MEASURING

CHARACTERISTIC |IMPEDANCE

FIGS.44 & 45

-0 & 48
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rRp ® o) ® ®
| O '\/\/\r.‘/‘ ———— 0——0‘/‘0-—--- —0 ] { °
E\ kl Ale

FIG 46. EXPERIMENTAL CIRCUIT FOR
MEADSURING WINDING

INDUCTANCE
oS 2 ]
¢ 47 I ' J:
E OHMoS ' £ | L
g - S _l O
O
FIC. 47.

PULSE TRANSFORMER IN THE PLATE
CIRCUIT OF A PENTODE FOR DRIWING A
47-0HM LOAD.

FIGS. 46 & 47

\- 30649




4-30APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

KL
" . Ty . .
i i | [ L] =2 =11
)‘X:::‘T (K'P)C[:i Rc% kLP% “Cp —~ Rz TEO
|
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B+

FIG. 48. EXPERIMENTAL CIRCUIT FOR TESTING LOW-FREQUENCY
ANALOGUES OF EQUIVALENT CIRCUITS.
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O

Fl6. 49 EXPERIMENTAL CIRCUIT FOR DEMONSTRATING THE EFFECT OF
Lr-Rr COMPENSATING NETWORK AND CRYSTAL -DIODE CLIPPING
IN THE PRIMARY OF A PHASE - INVERTING PULSE TRANSFORMER
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QUARTER -MICROSECOND WAVEFORM AT "A}
INPUT PULSE USED FOR FIG. 43, T 16,
PHOTOS IN F-4 AND F-5 ‘RD:IIOO OHMS,
SERIES. RISE TIME Rg= Ry=1000 OHMS)

ABOUT C.CUSMICROSECONDS

WAVEFORM AT "B" WAVEFORM AT"D'
SAME CIRCUIT SAME CIRCUIT
AS FOR F-4-22 AS FOR F-4.22

WAVEFORM AT "A", f SAME AS F-4-25 EXCEPT
FIG.43; Ti6. g Ry=1500 OHMS
: |
(Rp=1100 OHMS, ok
>

Rt = 500 OHMS)

—rrT

| SR W W B

TIME
0
o
~ HORIZONTAL SCALE 0,016 MIGROSECONDS PER SMALL DIVISION
Q VERTICAL SCALE 6.6 VOLTS PER SMALL DIVISION
)
i FIG. 50
q
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SAME AS F-4-27 WAVEFORM AT"D,

EXCEPT FIG. 43, WITH"B"
Ry=4700 OHMS GROUNDED, TI6,

(Rp=1100 OHMS,
Rg=1000 OHM S )

WAVEFORM AT "A' WAVEFORM AT"B)
FIG.43, WITH"D" SAME CIRCUIT
GROUNDED; T 16, AS FOR F-5-5

(Rp=1100 OHMS,
Re =1000 OHMS)

WAVEFORM AT"A) ¥ WAVEFORM ACROSS
F16.43; TI6. o R, SUPERIMPOSED
(Rp=1100 OHMS, - ON WAVEFORM OF
Ry=0) SF F-5-10
|sNESENSSNSESSEE)

TINE

HORIZONTAL SCALE 0.016 MICROSECONDS PER SMALL DIVISION
VERTIC AL SCALE 6.6 VOLTS PER SMALL DIVISION

FIG. 51

A- 30733
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-APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

A- 307 34

WAVEFORM AT 'E* WAVEFORMS AT "A" AND"D",
FIG. 46, T 186. "B“GROUNDED, FIG.43; Tl6.
(a) S, CLOSED (RpRs 21200 OHMS)
(b) S, OPEN

HORIZONTAL SGALE
0.1 ySEG. PER DIVISION

SAME AS F-5-16 EXCEPT WAVEFORMS AT "D" WITH
Cg INGREASEDBY 20MMFD "B"GROUNDED,FIG.43; T 3I.
(Rp =1100 OHMS,
Rg = 1000 OHMS)

F-5-22
WAVEFORMS AT"A" FIG. 4 5; _ SAME AS F-5-21 EXCEPT
T24, HIGH-VOLTAGE WINDING P+ Ry =470 OHMS
GROUNDEL. (R, 500 OHMS)  Bf
(@) Ry= 220 OHMS >
diiiill
(b) R4 =1000 OHMS TIME

HORIZONTAL SCALE 0.016 MICROSECONDS PER SMALL DIVISION
(EXCEPT WHERE |INDICATED)
FIG.52

VERTICAL SCALE 6.6 VOLTS PER SMALL DIVISION
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SAME AS F-5-21 EXGEPT WAVEFURM AT'C', FIG. 43 |
LOW-VOLTAGE WINDING WITH'B"GRUUNCFEL; T 24
GROUNDED. ASSTEP -UP INVERTER.
\0) Ry= 500 OHMS Rp =110U OHMS

(b) Ry <1000 OHMS Hg =LCCO OHMS

F-5-27
WAVEFORM AT"8" WAVEFGRYW AT "A"
WITH"C"GROUNDED F16.45; T24,
SAME CIRCUIT HIGH-VOLTAGE WINDING
ASFORF-5-25. T24 SHORTED TG GROUND.

VOLTS

WAVEFORM AT"D! T
FIG. 44, T24.

Rp= 500 OHMS

Rg=1100 OHMS

Ry =1200 GHMS

HORIZUNTAL SCALE 0.016 MICROSECONDS PER SMALL DIVISION
VERTICAL SCALE 6.6 VOLTS PER SMALL DIVISION FIG.53

A- 30735
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A~ 3073646

F-6-5
FIVE ~MICROSEGOND PULSE
USED AS INPUT FOR F-6-6 8.
HORIZONTAL SCALE
5§uSEC PER DIVISION.

F-©-8

SAME AS F-6-6 EXCEPT
HIPERSIL CORE

7

WAVEFORMS AT "A"AND"D'
F1G.43, WITH"B"GROUNDED;
TI9. Rp=1100 OHMS,
Rg=1000 OHMS.
PULSE DURATION = Y4pSEC

FIG. 54

WAVEFORM AT "A"

FIG.46. (S, CLOSED,
Rp=3000 OHMS) TI7

WITH MU-METAL CORE

(o) WAVEFORM AT "D",

FIG. 45, WITH"B"GROUNL ™,
166 AW. (Rye =0, Ry=02,
Ry=100 OHMS)

(b)SAME AS (a) EXGEPT
Rge® 390 OHMS

PULSE DURATION:=Y4p SEC

WAVEFORM AT "A", FI6.43,

WITH"B" GROUNDED ;132 AW-2,
(R =500 OHMS) (a)Rg= 0
(b) Rg=180 OHMS (c)Rg = 0

HORIZONTAL SCALE

016, SEC PER DIVISION
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A-30737

WAVEFORM AT"A", FIG 4 6.
(S| CLOSED,R,=3000 OHMS)
TIT WITH HIPERSIL GORE.

PULSE DURATION =1 4 SEC

UPPER TRAGE: SAME AS
LOWER TRAGE INF-7-3

LOWER TRACE:ONE WINDING
DISPLACED 5/52 INCGHES

F-7-12

WAVEFORM AT"D" SAME
GIRCUIT AS FOR F 7-1I
(R, #1100 OHMS)

VOLTS

WAVEFORMS AT "D'FIG, 43,

TI7 WITH "B" GROUNDED.
(Rp=1100 OHMS, Rg=I000 OHMS)

UPPER TRAGE.GURE IN
LOWER TRAGE:GORE OUT

|
PULSE DURATION = /2 ysEC

P

WAVEFORMS AT'A", FIG. 43,
TI7 WITH"B" GROUNDED.
(Rp=1100 OHMS)
TOP TRAGE : Rg= 470 OHMS

MIDDLE TRACE: Rg=1100 OHMS
BOTTOM TRAGE: R‘=2200 OHMS

WAVEFORMS AT'B" WITH'D" GROUNDED

SAME GIRGUIT AS FOR F-7-12
UPPER TRACE: R, : oo
LOWER TRAGE :Rg =1100 OHMS

HORIZONTAL SCALE 0.03 MICROSECONDS PER SMALL DIVISION
VERTICAL SCALE 6.6 VOLTS PER DIVISION

FIG.55



‘APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

A- 30738

F-103-1 F-103-8 _
RESPONSE OF T52D5 RESPONSE OF LOW-FREQUENGY  ~"~=—.
ANALOGUE OF T52D5

F-103-2 F-103-5
RESPONSE OF T39 RESPONSE OF LOW-FREQUENCY
ANALOGUE OF T3¢

m T
g THEET AN ERTNERER T AES@ReT Sl
- | lt “BERSw ?nt.l"lﬂ}'
P iomaannn II‘I.I'!&
Ll *' --nll'- oo,
LE L TS
BEiNzae
.t‘ml
i:l
F-103-4 F-103-7

RESPONSE OF T83A RESPONSE OF LOW-FREQUENCY
ANALOGUE OF T53A

HORIZONTAL SCALE 0.023y SEC HORIZONTAL SCALE 0.53, SEC
PER SMALL DIVISION PER SMALL DIVISION

VERTICAL SCALE 6.6 VOLTS PER SMALL DIVISION
FIG. 56
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A-30739

v o

F-118.20

TWENTIETH-MICROSECOND-

PULSE RESPONSE OF T66C
WITH NO RINGING
COMPENSATION.

F-118-22
TWENTIETH -MICROSE COND-
PULSE RESPONSE OF T66C

WITH LgRq NETWORK PLUS
A DIODE IN THE PRIMARY
CIRCUIT ASIN FI1G.49.

(Rp=550 OHMS , S, CLOSED)

F-18-23
TWENTIETH-MICROSECOND-
PULSE RESPONSE OF T66GC
WITH LgRr CORREGTIVE
NETWORK AS SHOWN IN
FI1G.49.
(L =10 MICROHENRYS,
Rp =500 OHMS)

F-118-21

TWENTIETH-MICROSECOND-
PULSE RESPONSE OF T66C

WITH ONLY DIODE NETWORK
IN PRIMARY F1G-49.
(S, CLOSED)

HORIZONTAL SCALE 0.023 MICROSECONDS PER SMALL DIVISION
VERTICAL SCALE 6.6 VOLTS PER SMALL DIVISION
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A-30740

F-11B-24
QUARTER - MIGROSECOND -
PULSE RESPONSE OF T63(C2

WITH NO RINGING
COMPENSATION

F-1iB-26
QUARTER-MICROSE COND-
PULSE RESPONSE OF Te&3C2
WITH BOTH L R, NETWORK
AND DIODE AGCROSS PRIMARY.

HORIZONTAL SCALE 0.023 p SEC. PER SMALLDIVISION

P

F-118-25
QUARTER -MICROSECOND -
PULSE RESPONSE OF

T63C2 WITH Lg-Rq

CORRECTIVE NETWORK

AS SHOWN IN FIG.49.

(Lgp=25MICROHENRYS
Rg =1000 OHMS)

F-118- 27
QUARTER -MICROSECOND -
PULSE RESPONSE OF T63C2
WITH ONLY DIODE CORRECTION
IN PRIMARY, FIG. 49

(S, CLOSED)

VIR 91 2

TIME

VERTICAL SCALE 6.6 VOLTS PER SMALL DIVISION

FIG. 58
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|

NP

/;‘ b-lbs

|

|y A/
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Mi N

-

FIG. 59 SCHEMATIC SHOWING LEAKAGE FLUX
DISTRIBUTION FOR UNIFORM-FIELD
ASSUMPTION.
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FIG, GO PULSE TRANSFORMER WINDINGS
REPRESENTED BY PARALLEL
PLATES.

FiGc. 6! WINDINGS WITH TAPERED 3PACKNGS.

FI16S. 60 £ 6l

I-30653
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|

CAPACITANCE RATIO §,

' ] | Al T L, : BH B A1 RTHPA ErE] MR DR LAY L) Al 1
Q. 2 . ] 4 5 & .78910 2 3 4 5 € 7 89

TURNS RATIO M

FIG.62. CAPACITANCE RATIO 2 = §; PLOTTED AGAINST n
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