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ABSlRACT

The high voltage winding of a transformer is a
system of distributed resistances, inductances and
capacitances that can be reÞresented by lumped parameters.
These paramaters can be identified by measurement techniques
and some of them can be calculated from dimensions. The
lumped elements are used to make up an equivalent circuit
for the entire wincling. the general analysis of back-turn
and drop-down strip and drop-down disc windings for any
transient input is presented and the equations are solved
using the Runge-Kutta method. The detailed analysis of a
five section strip winding is performed and compared with
experimental results.
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PREF'ACE

upon close examination a transformer Ís a systen of d.istri-
buted resistances, induetances, and. capacitances, but there is
something that is periodic ln the constnrction. There are portions

referred to as dise coÍJ-s, strip coirs or sections that can be

represent'ed as lrrmped units. These elsnents have equivalent para-

meüers rqi-rich may be used to fom a rumped equivalent cireuit for
the entire winding. The impulse vortage response of the total
equivalent circuit can then be calcuLat,ed"

rt ¡+as flrst necessary to study the single disc or strip
cojJ- and to obtain a method of fÍndi¡rg the significant parameters.

Thís was done in tuo ways, by direct measurement and. by an i_ndirect

method utilizing the frequency response of a single coil, The

direct current, inductance of a coil can be eaJ-culated very accurately

and the inter-turn capacitance of a tr^¡o-turn coíl can be obtained.

from the dimensions.

There are two basic types of windings that can be nade using

either disc or strip coils; the drop-dor,¡n anct the back-turn. Each

has srightly different pararneters and is diseussed separately. The

parameters of the single d:isc or strip coil are obtaÍ¡ed and used as

part of the equivarent circuit of the total wj.nding, The additional

parameters that arise in the complete equivalent circuit of a winding
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are capasitance betrryeen adjacent d'ises ar¡d mutua-l i¡rductar¡ce bettreen

eaeh and evæy sther coil" The general analysis of the eonplete w'ind-

fng using the Runge-Kutta nethod of solving the differential equations

is demonstrated and the detailed analysis of a five secùj.on strip t¡ind-

ing is perfomed and co:rrpared with experimental results"
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IIüTRODUCTTON TD THE PROBI,EX¡I

The pr.rrpose of this thesis is
w-inding of power transformers and to

ing the i-npulse voltage distrlbubion

l/rb*ttio p. A.
formers and R6f,¿!1¡g

to study the high voltage

obtain a method of ealculat-

of the winding,

I" The Reason For Studying Transformer Wlndings

The calculaÈion of the inpulse response of a transformer

wÍnding is of prÍmary 5mportance beeause the voltage stresees on

impulse test are usuarly much higher, atthough of st¡orter <iura-

tion, than the stresses due to the normar operating voltage. rt
is, therefore, the voltage stresses und.er inrpulse conditions that
the inzuIation must withstand. A method of calculating the i.mpulse

stresses wourd be exbre¡nely usefur because the mininun neeessary

amount of i¡sulation could be d.eter¡rined. A more economical trans_

former can be constructed if this insulation is eonfined to a minimum.

There have been a great nany papersr e,rítten on the subject of
impulse phenomena in power transforrners. The earliest papers assumed

uniforur vrindings and negrected marry debairs ln order to arrive at a

'rBiblÍography on the Surge Perfo¡mance of Trans-
Maehineryr " @!åæ, Arnerican fr¡gb:1.ÞgLE_ojl

Paper J8, Decmber, I95B,WElectrj-cal Enej-neers,
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tractable soluti.on. Some of the approaches have been ëo consid.er:

the w'indíng in terms of distributed param.eters, the total winding as

a firriùe nr¡mber of rrøped erements, a geometricar scare nod.e.L lr¡-ith

octernar capacitive netr*crks and sca.ling problens, a pure capacitive
network and the initiar distribution, and finally an eleetro¡oagnetic

moder rçith analysís using i{axweillss EquatÍ.ons. All the earlier papers

exanined the response to a step input, of vortage. Reeentry the aetual
inpulse wave shape has been mentioned, buü a]'r of the papers referenced
by the author use a rectang:rlar input wave for cdeulation purposesê

the nrost complete solutions to the problem have been obtained r¿lth
eiüher an analog' o, ,digital3 computer,

II, Previous MeÈhoèof Anal.ysis

Rudenberg4 ana-lyzed a wliforn single-layer helica.I transformer
lrinding by defining dístributed parameters as linear functions of
rength. He then proceeded to set up differential equations for vortages
and currents between tu:ms negrecting only the resistance and. a sall
portion of the nutuar-ind.uctance. His equations predict an infinite
nunber of naturar frequencies in the ¡,rindings, whereas j.n actual experi-

2-lfaldvogel¡ P, ard, Rouxel, R" ¡rA New }{ethod of Ga.lculating theErectrical stresses in_a $in$ing-subjecte¿ io ã surge voriageu- BrounBoveri Revien¡¡. VoIo tß, 1956, fp" eõ6_f3; - - 
rv*vqõv e +

2
'ÐTt: B. l"Í,, Hartill, Eo Rn ar¡d MÍIes, J" GuÁnalysis of rrarisforrner rropuise vortage olstriuotio'

Computerrtl of

r!Â lÏethod of
Using a Digitat

a¡rd

vLr,.rpqusr'ô " ¿r¡e rrc=ceeo]nes=eg+g +gtitute ovor. ro¡, pmr, :rJJgn pp. M5_jg.
hudenberg¡ R. rperformance of Travelling lnlaves'ltfi:rdingsr r! lransactions. j¡nerican rnst.i trrf.a nf .ìr]r aais.; ^YoL, 59r fg

in Coils
o



mentation the natural frequeneíes are finite in nnmber. His r¿ethod. of

defS-ning capaeitance and incluctance ¡rake then di-ffieult to calcrrlate

and to vi5¡¡¡li ¿9.

Noruis5 does ar¡ exbension of Bud.evrbergt s method by e:qplaining

non-r¡¡rlform w-indinge. His eqerÍmental r,qork is good and provides more

ínfornation on ir¡rFulse stresses i-n non-r:n-iforn r,rinòings.
_ .6l,ewis presented a paper in Ht¡ieh he defined ttre r¿'inding to be

a system of li:mped paraneters in vùrich tåe mutual--Índuetance was in-
cluded in ar¡ equivalent self-inductance" He solved for the response to

a step Snput for a uniform windi-ng, but more accurate results can be obtained

by making fewer assri:aptions"

¡{bettiT used a scale moder t9 predíet the d,esi-gn requirements

of much larger Èransformers, By sca-líng the mod.e1 appropri.ateþ and

usi-ng an erbernal capaciùance network the voltage disùributi.on can be

measured and scaled to obtain the correet insulation leveI in the actual

transformer. This method is rather Ii¡rited and. e>çensive beeause a

scare model nust be constructed for each type sf transfoÍn€f,o

¡1 rnethod that uùiJ-iøed lumped paraneters and included nutual-in-
ductances v¡as seÈ up by Waldvogel and. Rouxe1.8 Thei¡ method usee a¡r

5Nomis, E, T, nThe Ligþtning Strength of Porn'er Transformersrrt
VoI" 95s P€rt IIe 1948,

o

Q.e*,iso To Jo ttThe Transient Behavior of Ladder Networks of the
lype Representi.ng Transforrner and. l{aehine l{indingsrto ProceedinEs Institu-
tÍon of Electrical iÍneineerE, VoI. 101, Part fI, f9¡¿ffi

?ß;Uutti, P. A, r'lransformer Mod.e1s for the Detemrination of Trans-
ient, Voltage?rl ËraÊsact+gll¡ Amqric
ToL" ?2e Part II

8kJ.Idrrug"I, p" and Bor,¡xel, R,, Jgg" .4"



h

analog computer to solve for the writ step voltage response. Although

their analysis seens to provide satisfactory answers the use of an

analog computer drastica-Ily Lircits the nu¡rber of sections that can be

analyzed.
9

The method presented by Ðent, Hartill and Mi-Les is the most

courplete and accurate proeedure that has been referenced by the author"

They set up the matrix equatÍ.ons for a general non-r¡niform winding

with a general input voltage" Their h.mpd equívalent circuit included

al l the significant paræeters and neglected orùy the danrping" They

solved for the step voltage response of a uniform winding using the

Runge-Kut'ba meühod of, solving d:ifferential equations" their solutions

seen very reelistic and they ean easily vary the parameters and reca.Lcu-

late the response to deüernine the change in voJ-tage distribution.
-r.fith so nany di-fferent nethods iù seens there is no absolutely

comect method of analyzing the winding. Some are more acctrate, sone

are easier to use and others are not suitable" fur understanding of

the cornplete winding is neeessary. After a saÈisfaetory coneept and

analysis of the transformer winAingï wolved., moùi.fications may then

be atte,nrpted a¡rd tested to see dnether or not they are va-lid.

9Ðert+,, Bo l{,, Hartill, Eo R,r and I'Iiles, J, Gn, f*. gi!.
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I,/ETHOD OF A}TÁLYSTS

ïn order to faciritate the stu{v of high vortage windings cer_

tain simplifications are made. The stand.ard impul-se test of a trans-
former is perforn'red by apply:ing the irrpu].se to the high voltage ter_
¡utna-I with all other terminals of transformer eíther direetly grounded.

or grounded through resistors, In this mar¡ner the lon voltage windiag

behaves very nearly as a gro'rnd plane and. in theoretical and e:peri,nen-
+'al work it is assu¡ned that it is pernissíbIe to replace the 1ov¡ volt-
age vrinding r'riüh a eylind.rica-I grnound shield co¡sisting of a sheet of
core steel" The time variatíons of the impulse r¡rave are very rapid and

al-nost no flLux wJll peneÈrate the la¡ninated iron eore. The pri-ncipaÌ

flt¡x t'¿ill therefone be the air fh:x, and it vrill not be necessary to con-
sider the iron core when theoretical calc¡r-latÍons ar¡d corroborating ex-
periments are performed, After the method of analysis is proven, the
ehanges, if any, due to an iron eore can be analyzed, These sirqpli.fiea_
tions wilr enable the consideration of the r,¿inding as an isolated coil,
v¡j-th an ir¡:er grorad shield.

rf the r,rlnding i.s exanined closely ert the capaeitances and in_
duetances are distributed, yet there is something that is perj-odic about

the for¡r types of w"indings as can be noted in Figure s L, z, 3 artd. 4.
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Each coi.l can be represented by a lunped circuit and a set of these

circuits with the additÍon of the mutual parameters can be used to

represent the transfo:mer winding, The ånter-turn, ånten-disc and-ground

capacitances, self-and nutual-inductances and resistances are all

included. in the circuit" The first step is to find an equivalenÈ cir-

cuit for the coil- and then a method of deter¡¿ini¡g the parameters,

An indiuidual coil may be considered to have an equivalent

circuit consisting of an ind.uctance in series w-ith a resistance a,Ll

in paral-lel with a capacitanee" These parameters ean be obtained by

direct measure¡nent,. The d:isc coils are subjeet to the ski¡ effecü

and consequent¿y the inductance and resistance change with frequency.

As the frequency increases the inductance decreases wirile the resist-

ance increases, The i-r¡duetance of stri-p coils is fairly independent

of frequency and the resistance is d,ependeirt on frequency" The low

frequency inductance can be measured i,¡:ith the Ãnderson Bridge and the

distributed capacitance, referred to as the inter-turn capacitance, can

if it is not too large, be measured w:it}¡ the Q-meten" The measured

frequency response of the single coil provided an alternative method

of obtainlng the pararneters ar¡d a comparison for the calc¡rlated fre-

quency response. The direct cument induetance can be calculaüed very

accurately" As a final check on the equivalent circuit the impulse

responsÊ of a single coiJ. was measirred. and cornpared to the theoretical



ìnlulse response.

The nerct step is to consider wiT at happens r¡t¡en tr¡o coiJ-s are

placed near to each other ar¡d the additional paraneters that nay corne

into effect. Both types of dise windi-ng have a¡r inter-disc capacitance

that ean be measured or calculated using an empirical constant, The strip

coil windings have a very snall eapacitance betu¡een coil-s and it is assumed.

to be negligible. The direct cr:rrent nubual-inductance ean be accurately

ca-lculated, The frequency responee of a pair of adjacent discs was meaF

sured a¡¡d ealculated to show the valiùity of J-ruped ci-rcuit e-lements for

a Inore conplicaüed rysten. ft noy¡ renains to be showr that the technlque

of usi"ng lumped circuit elements i-s a good method of representing the

entire üransformer wind5.ng.

fhe back-turn and drop-down strip r,rirulings anC the drop-dovnr disc

wind:ing have the same equivaleat circuit. but r,rith different paraneters.

The circuit equaüions are r,rrritten in general roatrix form and the mat-

rices manipulated to produee a result that can be solved using the Rr:nge-

I'lutüa method. The equivalent circuit of the back-turn disc winding has

an equiva.lent cireuit that is more eomplex and as yet the eircuÍt has

not been analyzed, The compl.ete analysis of a five seetion strip nrind-

ing vras tndentaker¡ in orden to obtai¡ a eomparison betrreen the measured

and the theoretical impulse response.

.¡tr knorn¡ledge of the frequeney response of an j.solated transforsner

winding can provide infornation on the inpulse voltage distribution.
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The winding is considered as a filter and the frequency
components of the impulse wave are observed to see whether

the transformer will pass or attenuate the frequency com-

ponents of the test wave.

the intent of this thesís is to develop an

understanding, to demonstrate the significant para.neters

and to calculate the impurse response of the high voltage
wincling of power transformers. The analysis presented
provides a more accurate and complete solution of the
impulse distribution than any of the other solutions that
the author has referenced.
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lTE ESUTVAI,ETüT CTRCUTT Á}ID P.qRA}@TERS OF A

STNGI.E COIL

In order to analyze the i¡dividual cojL an quivalent, cir-
cuit was assumed as shoí¡n in Figure l" It was diseovered that the

inductar¡ce, resisüence and capacitance coul-d. be obtained by direet

measurerü.ent" To shor'r that ùhe eircuit ¡node1 deseribed the physica-t

behavior, the frequency response of several isolated coils was ca.l-

culated and measured to provide a comparison between the theoreti-

cal and e4perÍmental results. A method was formulated to obtaÍn

the high frequency inductar¡ce and capacitence from measurenents of

critical points on tt¡e frequency response cutrv€so The direct cur-

rent, inductance can be accr:rately calculated, but as yet a satis-

factory method of ca-lculating the inter-turn capaeitance has not

been deveroped" The jmFìúse response of a single coil as compared

to the calculaüed response lends fi¡rther support to the eoncept of

using }:nped elener¡ts to represenü a distributed systecr. The basic

unit of a t'ransforner rrirding is the single corJ, as,¡d it has in the

frequercy range importanü ùo impulse response behavior, a si-mp1e

equivalent l.urryed. circuit.
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FIGURE 5

TID EQUIUTiLENT CIRCUIT 0F AI{ TNDIVTÐUAL COII

The coiLs are constructed from relative.Ly lerge cross-

sectional area r,rire that is verlr sssseptlble to ski¡ effect. Con-

seqrrer¿Èly the inductanee ar¡d resistar¡ce of a coil change w:ith fre-
qtrency because of the different current distrÍbuüion. The resistance

of the disc and strip coiJ-s ehanges by severa-l orders of magnitude

wtrïLe the self-inductance of a dise coil deereases by as mueh as

forty per cent. The strj-p coil j.s constructed of a wide stri-p of

copper that is much less susceptÍbIe to the ski¡ effect, vri.th the

resuÌt that the inductance changes very little,

I" Direet I{easurement of Para¡neters

The Anderson Brid.ge provided a very reliable nethod of measur-

ing t'he inductance of the coils at lov¡ frequencíes. Table I presents

the measured low frequency inductance, hígh frequene¡'induetance
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as obtained from the frequency response curves, and the calculated,

d:lrect cwrent inductance.

T.ABT,E I

rc4¡l FB&trENcY, HreH ¡aEeumicr alJD c.åLcurATED SELF-

ÏNÐUCTA}TOffi OF COTLS

I,¿-ÏTE STZE

.o72tt x .18211

.102rr x .28911

3.0tr x ,OzOtl

INSIDE
NO" OF TITRNS RÁÐIUS

9 "87n

9.87n

5.Ð"

RAÐT¡L CALCU-
BUIIÐ !0,iI HIGH LATED

b,h) û.Ð bhl
I.'l5u 402 352 ho7

L,751'. 253 200 249

1"50rr 106g 952 g5L

L9

L5

5A

The Q-r¿eter is a very satisfactory instrument for measuring the dis_
tributed capacitance of coils, pnovÍded that the u¡rls:ovm capacítance

is not too large. A precaution that nust be ùaken ås to eursurè that one

end of the coi]. is connected, directly to a terninal of the g_meter and

as short a lead as possible is used for the other coru:ection. Table ïI
presents the measured value of inter-turn eapacitence and. the value
obtained frot¡ the frequency response cu:fireso
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TÁBI,E IT

INTER-TURN C.APACITA\ÏCE 0F COITS OBT.ITÌ\IEÐ Bf

DÌEECT MEAsuRtr"lu{Î AI\jÐ BY .ÂN n\iDIREcT T.IETH0Ð USING

FRÐQUENCT RESPoTISE CURVES

r"jnRE SIZE

"Q72u x .182rr

.l:12tt x .289'l

3.At x "020rr

TNSIDE RADIåL CÁPACIT¿NCE (pf.)
N0. oF TUENg RÁÐrus BUILÐ DIRECT TNDmECT

L9 9,87rt L.75tt 33 3j
15 g.g7u 1.75,t 39 3S

5o 5"fu" I, jo" _Too 17?
l,arge

Iï, The Equivalent Circuit

The justifieation of the configrrration of the equivalent cir-
cuit is conpleted by a comparison between a calculated. and. a measured

frequency response" The frequeney response of a coil was measured,

using the test circuit e¡ Fi.gure 6" The cj^rcuit requires a high

frequency osciJ-lator and a.lt sssilloseope l¡ith either a dual beam or

a dua-l cha¡rne-L chopped beam. The ratio of the nragn:itud.e of the out-
put voltage to the input voltage ås measured over the frequency rsnge

from 10 KIlz tÐ 5 rrHZ. This is the frequency ï.ange that provåd.es infor_
matio¡r about, the coils measured."
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To
c.ilf a5cape.

FTGURE ó

IEST CÏRCUTT FOR A STI{Gi,E COTL

The load resistor (q) and capacítor (C") were used. to

stabilize the i-mpedance of the oscilloscope leads and the stra,y

ground capacitance. lwo üests were perforrared on each coiJ-; the

first wi.th a load resistanee of I I( Jl- and the second with a

load resistance of, I M -lL . The I K JL resistor damped. out

the series re .sonênce of the inductance v¡:ith the inter-turn and

ground capaeitance" rhis test indicated the rower half-power

frequeney F1 and the paralrel resonant frequeney (Fr) of the'Íncïuc*

Èance ¡¡ith the inter-turn capacitance. Figure 7 indieates the general

shape of the curveo

-Os"¡llofo'
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1""1,
l"t

FÏGUNE 8

GHüM,åL SHAPE OF FRESIJENCY AESPONSE OF 
^4,

SINGT,E COIL !'ü1TH RL = f m JL

The measured. and. calculated frequency responses are plotted

in Figures A-1, ¡l-2 and A-3 i.¡r Appenùi^:c .4.. The lrtgh frequency

para,meters for the calculated. response were obtained. from the res-

pective measured response by a nethod described in the foJ-lowing

section. Figwe A-{ corupares the eonputd. responses usÍng higþ

frequency crnd Jiyecf.'cç+rctlindueta¡ce. the calculated graphs

are essentially the same as the measured graphs ar¡d the equivalent

circuit chosen may be considered to be an accurate model of a singre

coj-l" The only significant difference is the arrpritude of the peak

vdnich is deternrlned by the darnping of the coil" The resistance

changes througþ several orders of nagnitude over the frequency ra¡rge
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and is rather difficult to ca-lculate due to its dependance on fre-

quency, but fortunately it is a second orden effect in impulse res-

ponse study and does not need to be specified accurately, Appendix

B contains the anarysis and the progran that scecutes and plots ühe

frequency responsee

III. Frequency Response Method of Obtaining ParameÈers

A roethod to obtain the parameters of the cojl_ from the fre-
quency response cur.Ire can be fornulated. There are three principal

paraneters that are unlarovn'r: the inductar¡ee, the inter-tr:rn capaci-

tance and the ground capacitance. These pararneters can be detennined

usi-r:g the equations (L), (Z) and (3), 
In" derivation of these quaF

tions is gi-ven in AppendiJc c, The frequency response curve provÍdes

the mosf accurate and reliable method of obtaining the inductance and.

inter-tr¡rn capacitance of a coil and in addition it produces the value

of inductance at the frequency that is most signi-ficant to the behavj.or

of the i¡npulsed winding.

L= R.
zltFl Ð'*'[,{"-E].- {åll- tr)

( e)l^
"T EnEi't
CJ

(2 1r F")"L
CT (s)
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IV, The Direct Curyent Inductance

The direcù er¡rent i¡lducta¡rce can be calculated quite accr.rately
1Ç.

r^¡ith fornula-(¿r). the ùimensi.ons are in i-nches and N is the m¡nber of

turns, BO is the radiat tnril-d, b is the arcial length, Ro is the mean

radius and

L = 4fi ß- N=a .s+x to-

he.nriçg (+\

The significar¡t parameÈers in the formula are the nurnber of tr:rns and

the mea¡r raùi.us, Winding techrrlques wiLl have ve,ry littLe effect on

the dimensions and consequently the inductance of different coils

manufactured. of the sane number of turns, rnrire size, md mean radlus

will be veafy nearly the sa¡ne" The calc¡rlated va-lues of direct cur-

z.ent inductance that appear i.n Table I were obtained r+iÈh this for-

mt¡la.

1fu the fnter-Turn Capacitance

The inter-turn capacitar¡ce of a si.ngle eol-l- j-s a disüributed

capacitance created þ the proxjmity of the turns. The capaciüance of

l?Ro"*, E, E. ai:d Grover, F" Tl. ttFormtrlas and Tab1es For the
Calculatíon of Mutua} and 5e.1f Inductancer" BUtçgr p{-åt¡qd-qgÞ BuI.l. 8,
Ja.nuary, 19J-2e p" Lj6"

R :, o.e¿35fRu* b]
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a cojL consists of two portions: the capacitar¡ce between turns ar:d

the eapacita¡ice of the inr*rer turn wiüh itself, For two reasons only

the capacita¡rce between turns need be eonsidered. lrlhen the winùing

is tested the i-rurer strÍe1d used to sÍrnulate the lorv voltage trinding

converts the dÍstribut'ed capaciüance of the in¡rer turn with itself
to a gr"ound capacitance. The capacitanee created by the inner

turn with itself is veny s¡1e'll.

rü is first necessary to point out some of the differenees

between paral I e} plate capacitance and d.is'bributed capacitance"

^ 1].12 .¡ùeference ' has been made of this, but no e:q:eri.:nental data has

been subnitted" Considæ the eapacitanee between t-,¡rc unconneeted.

pieces of capper much longer in one direction ühan the other, as in
Figure p. Th'is is a parallel plate capacitor and can be measured.

with the Schering Bridge"

FIGURE g

P.ARåTLEI PLATE CAPACITOR,

lkrowhurst,
itïovenber, 1949¡ pp"

N_"_ H:_ t\rlinding Capacitancertr El€ctron.ic Engineering,
&7-3t.

13^l*ta.roge1, P" and. Rouxe}, 8., 1oç.o g!!,¡ p, ZO8,
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If the two erbreme ends of the paral.lel w'ire capacitor are joined

to fo¡ru a single folded r^¡ire as ia Figure I0, the capacitance be-

comes a disùributed capacÍtance that is one-third of the parallel

r^rire capacitance. To verify this an experiment was set up utiliz-

Íng rectangular wire to form the parallel r,'rire capacitor tfiich could

then be joined at one end to represent the folded wÍre, The parallel

unconnecüed v'rlres provided a very satisfactory method of obtaining a

constant that took both the dielectric constant and the fringing ef-

fecè into accounÈ. The constant used in all the dÍstributed capaei.-

tance formulae represents the combined dielectric and fringing con-

stant"

the capacitance of the parallel unconnected wires r¿as measured

using Èhe Schering Bridge and then the combined dieleetric and fring-

ing constant was calculated. The w'ires were then joined at one end

to create a folded wire and the dlstributed capacitance was measured

with the Q-meter. the data fn'IabLe 3 shov¡ that the distributed capaci-

tance 01 a folded lqire is in effecù one-third oT the paralrel wire

capaeÍtanee.

F'
cd

FIfiIRJ'

ÐISTRIBUÍE-Ð C APACITANC};

10

O.F' A FÐLDED ifIBE
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îABI,E ÏTI

CO]4PARISON OF FÐLDEÐ h¡]RE C¡P.A,CIÎ¡¡ICE T,{ITH

PABÅ],T,EL I/IIRE C¿PACITANOE

l,rrIRE SIZE

.091tr x ,20l¡tl

.091tt x .229t'

.O72n x .I82'l

.102rr x .28911

INSULA?ION
THÏCKNESS

COPFffi
TO COPPER

.080rt

.080n

.020rf

COMBINED
DIELECTRIC &
FRINGIl\G
CONSTANT

2.7o

1"89

L.76

cAPAcIrANçE (pf")
PARAT,LEL FOIDED

T,ENGffi TùTRE WINE

25.5n

29 "2',

33 "2u

3l+"7

?o ,.

69.0

I20,0

83.8

14.0

2L.2

?o Ít

27 "L.080il 2,96

The parallel v¡ire a¡rd folded wire capacitance is consÍdered

to be an effeet meazured and calculated at, the terminals of the wire,

The voltage at the terrninals is considered to be fixed and an equiva-

lent capacitance oceurs betr,¡een the ternina.'l s" The energy stored in

this eo,.uivaJ-ent capacitance j-s si-urply one-half of the product of the

ternrinal capacitance and the square of the voltage occurring across the

tem¡-inals. The terninal capacitance can be calculated by considering

the voltage distribution along the wire, the voltage across each elemen-

tal seetion and the sum of each infinitesinal of stored €nergy over the

length of the vrire. the derivati.on of this frørL energr eoncepts ís

given in AppendjJc D"

The concept of inter-turn capacitance is studied in the same mannero



Figure 1I shows the

turns of a t¡¡o-turn

distribut,ed capacitance thaü

coil"
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occurs between the

C.Lx
-- !-

FIGUAE 11

DI5TR]BUTED C¡PACITANCE OF

M,JO-TURI\] COIL

The voltage distribution o. : a two-turn coil is linear along the wire.

For a coir of three or more turns there is one or more turns with

üurns on either side and this rnakes the voltage distribution non-

linear. Beeause the voltage distríbution on a tr*¡c-turn coil is linear
the distributed inter-turn capacitance can be calculated by assuning

that the voltage occriming across any elemental section is one-half

the applied voltage and the energ¡ storage Ín an elemental section is

dE= åcH]'r*
where C is the capacitance per unit 1ength.
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The length of the eapaeitance is tdren to be:

L = efi Rm

lne total enerry is given by:

E = åFÊff{v¿ = *c"tV.
lhe Ínter-turn capacitance of a two-turn coil is therefore

Cre = çet = tK€oarrRÞ, g.
á

( 5)

urhere Ï¿t is the T¡ridth of the wire, d is the separation copper to cop-

per and K is the conbined dierectric and fringÍng constant" Table

IVshows the measured and caleulated capaeitance of various trqc-tprn

coils. The conbined dielectric and fringing constant for each wire,

spaci-ng and i-nsulation must be obtained by measuring the capacitanee

of two pararrer unconneeted wires and ealcurating the constant.

TÄBLE TV

DïSTRIBUTED CAP¡CITAI{CE CF. TI{O-TURN COrT.q

COI"ßINED
DTF';T,EGTRIC

AND FRINGÏNG I'mAxI
CONSTANT Df.Aj'trIffi,

DISTts,IBUTEÐ CAPACITANCE

-

\tv¡ol

}4EASURED CALCUTATEDr{EE SIZE

,09Ur x .229t1

.091rr x "229¡l

"1O21r x 
"289tr

'1o2rf x 
'28911

"O72u x .I82tl

INSUIATTON
THICKTWSS
COPPER, TO
COPPER

,040tt

"040fr

,08ott

.080r1

.020rr

r"8g

l.89

2,96

)a^

1.76

3"81"

9 "O6n

10.82n

23.ozu

IL.lr2*

7.o

19,0

2].,3

45"o

32.2

7.l_

17 "3

20"2

l+3.5

32"4
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The extension of this theo¡y to a nrultj,-turn coil rm¡st take into ac-

count the non-linear volüage distribution of ttre coir. rf the volt-
age distribution were known the inter-turn capacitance could be fo¿nd

simpry by considering the capacÍtance of the N-turn coil to be N-l
capacitors each r,rith its own voltage gradient and. sumning the energr

as was done for a trso-turn coil"

W The Ground Capacitance

l'ihen the coil is part of a windíng there is a capacitance

between the inner turn and. the inner grou.nd shield., lluis capacitance

can be carculated by assurning the shierd a¡rd ínner turn of the coil-

to be concentric eylinders between which insuration of different
dielectric constants may be placed, The gr"ound. capacitance car¡ then

be calculated r^¡ith f ormula13(6) 
"

¿ 'fr €' L e.l+x I o-â\,J -
f; ,"(*') + #.,^h) * å 

r"[Tif .t,"Hn
(e)

The dinenslons are i-n inches and L j-s the length of the copper cytin-
der, a is the inner radius, b, is the radius to the first dielectrie
change, bt is the ra.dius to the Írth dierectríc change, b åe ühe

outer radius and Kt Ís the itth d:ierectric eonstanto

VII The Inpulse Response of a Sing!-e CoiJ.

The impulse response of a single coir was measured usång the

l3Knorvlton, À, E.
McGraw-HiIL Book Conpany, _ "Slandal*liêEdþú-f-olEl=ectriqe} ",L9L+L, p" 67,
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saJne circuit as

resistance of I
tion (7) 

"

i'¡AITE

O.9 X 55 psec

1,5 X 40 ¡rsec

2"O X l+O ysec

was used for the frequency response test with a load
lr,

i{-lL. 1¡ç irnpuJ-se wave is represented-* by equa-

e (ï) =. E (-- ot - .-b* J
(z)

lable V shows the consLants for three impulse waveso Figure A-l shows

a measìlred impulse wave and nathematical calculation of tv¡o different

waves"

TABLE V

PARAI{EfER,S FOR THE REPRESEhITATION OF

STAND¡¡RD I}æULSE WAVES

ãaÐ

1.015

L.036

1.038

o"oL2g6

0.01833

0,01825

+6
x10

* 10*6

* 10*6

!
+6

7,04 x 10

¿A
3"558 x 10'"

+6
2.1+25 x LO

The voltage transfer function with an input impulse wave Ì{as analyzed

using the Runge-Kutta Method and the progran used i¡ computing the res-

ponses is presented in Appendix E.

Figra'es A-6, A-7, A-6 and A-! compare the measured and computed

response of single coils" The computed response of a disc coil using

the higþ frequency inductance value is compared to the measured response

Ín Figure A-6 and A-7" Figure A-8 indicates the measured and conrputed

response of a strip eoil. These curves agree very well both in anplitude

thi,u British I.ileciricaÌ
"Sr:{¡qe _Pbellsgena, rr Seven Yearsl
{L933-L9UO)¡ PP. L5t+-6, 194I.

and Al1ied Indusbri.es Research Association,
Research for the Central Electricity Board
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and frequency of response. Figure A-9 eo¡npares the neasured. res_
ponse with the computed response using the D"C. ind.uctance and aI_
fhough the an,plitude is basicarly the sa¡ne the frequency of response
does not agree as r,¡e' as r+hen the high frequency inductance was used,

in Figure A-f. The Ínductance of the d.isc coil therefore depends upon
the frequency components by wrrich it is eccited, The rumped circuit
model has nou¡ been shor^¡r to be valid for impulse wavese

Two methods of obtaining coiJ- paraneters have been j-ndicated.
The mosi satÍsfactory method is to obtain the paraneters by ftê,.sür_
ing the criùicaI frequencies of the frequency response curves. The

direct measurenent of the parameters is reriabre and prod.uces the
lolu frequency inductance and. the value of distributed capacitance
provided it is not too rarge, The catcuration procedure ís not cour_

plete arrd produces a varue of direct curyent i-nductarrce and. an accurate
valtre of inter-turn capacitance for only a tr,uo-turrr coil. The nocel 0f
a single coir has been confirrned. and proven to give a reriable descrip_
tion of the physÍcar behavi-or of the coil in the frequancy range i¡npor_
tant to impulse response behavj.or"



CHAPTER, N¡

14UIUÁL INDUCTÁTICE AND THE ADDITIONA¡

PARAM.ffERS 0F DISC I'lINÐIhÏC"s

In a bransformer w1nding the coils are wound closely toge-

ther and. are separated by either a duct or a collar. Because they

are near to each other a large mrtual-inductance is created.. The

effect of separation on low frequency mutuel-inductânce was measured

with the Anderson Brid.ge. Figure A-10 indicates that it is a signi-

fieant pararneter and that the measured values compare ven"y well wit'h

the ealculated direct current mutual-induetance. For such coils each

tr.rn is considered to be a circular current filament having a mutual-

inductance w-ith every turn of the opposite coil as in Figure 12"

The srun of these mutual.inductances produces the total mutual-induct-

ance between Lhe coils,

--I
Ì+c->l
llo o o oT-

I

D

Io o o o-¡-
I

t
I

+
c, (¡rren I

{¡lø-mernfs
FIGUNE 12

RF,PRESETTTATION OF TURNS BY CUHAEM FILAMI}ffS



I'vro formulae, rnùrích have

calcìrlati-ons. Forn*1"15 (g) i"
by less than the mean rad.ius.

K,

a

€_

2È

overlapping ranges, are used for the

to be used for coÍls tirat are separated

M= 4tr?F+x¡o-ÎR[r" ;ffi. (,*jñ+ frg'- }11e
It,
r(. *€- #+'-F *å')

The dimensions are in inches, M is the nmtual inductanse in henries
R is tt¡e radius to a current fila,ment, c is the perpendicurar distance
fron the radius B to the d.esired current fira¡nent and D is the separa_
nion between eoir-s. For coi.rs at a greater separation tha'harf the
mea¡r radius Fornùr"ló (9) is valid and for disÈar¡ces greater than trrice
the mean radius Formula (9) c"tr be sirnplÍfied to Fornula (r0), The,r.¡men-

sions are in inches, M is tLre rnutual-inducta'ce in henrie", R, is the
mean radius, and N, and N, the nr¡nber of turns of eoir I and 2 respectivery.

M - 16 IyzN, lJ¿ R-ulõf ( r+e) ?.5+ x,o " (rJ

[rf = 16 irzN, N¿ 'R_ JF 2..ç4 * ro-o (tol
where:

:D

=J-?
?

15Ro"", E. B, and Grover, F. V,I,, fS" cit., p. 13.
lfu,osa, Eo B" and Grovef,, Fo tf,, -k, _g.i!,, p, 11"
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A computæ progråm, presented 1¡ Appendix F, was r,,¡¡ritten to calculate

the mutual-indrrctance between tv¡¡ ídentical coils at arry separation,

For separations up to 9.9 Rr it can be assumed that each turn is a

circular eument filament and at greater distances all the filamenùs

can be assuned to occur at, the mean radius of the coil.
The distributed capacitance occurring betv.reen adJacent coils of

a back-turn or a drop-down disc winding is referred to as the inter-
disc capacitanee. rn strip vrindings ttris capacÍtance Ís very s¡na1l

in comparison to the inter-turn capacitance a¡rd. is neglected, The physical

construction and the distributed capacitance of a pair of discs is indi-
ceted in FÍgure $. For a back-turn winding the capacitance can be rep-

resented as a },urped capacitanee CO occurríng beÈvreen the tr,so terninals

as in Fi-gure 1l¡. The pair of discs have the sar¿e voltage d:istribution

as the folded wire discussed in Chapter II, The distributed. eapacitance

is, therefore, one third the capacita¡rce measured between two unconnected.

discs.

FTGURE 13

CONSÎRUClTOÌü AITD VOLTAGE DISTN,IBUTION

OF BACK-jrURN CONNECTED DTSCS

OF A PA]R
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F]C,URE lL

THE EQUIVAI,ENT CTRCUIT OF A PAIR OF BACK-TI'RN

CONNECTED DTSCS

The voltage distribution of a paír of coils drop-dovm con-

nected, as in Figgre ÌJ, is the sæte as a coiL of tr,¡ic turns and the

distributed inter-tr:rn capaeita¡rce is one-quarüer of the eapacitance

measured between the two unconnected discs" In the equivalent circuit,

as ín Figure 16, the distributed inter-disc capacitanee Ís ineluded

by adding one-half the distributed inter-disc capacitance to the i¡ter-

tr¡rn capaciüanee of each coil.

FIqTRE 15

CONSTRUCÎION A}ÍD VOLTA@ D]STRTBUI'ION OF A PATR

OF DROP-ÐOI¡¡N CONNECTED DISCS

V
?

o

--t+LR
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ctM

FÏqJRE 16

THE zuUTVÂL.UMT CIRCUTT OF A PA]R OF DROP-DOÍüN

CO¡INFCTED DISOS

The separation between discs is r¡suarly sueh that there is
consi derable fringing of the erectric field and the eapacítanee bet-
ween diagonalry opposåte turns becomes signifieant, The dielectric
is made up of solid insulation and air an¿ may be consi-dered as an

effective dierectrrc. Beeause of these i*egularitfes in the erec_
tric field and variations in the d:ielectric it rs very difficult to
calculaüe the capaciuance between discs and an æpirical constant to
aecor¡nÈ for the fringing and the effective drelect*c musÈ be used

for the specifie configuration under consid.eration, The approxi¡¡ate
foraulae are presented in .{ppendix G" FÍgures .A_tI and A_12 shov¡ the
varíaüion of capacitance between unconnected dlscs with solid insula-
tion and air dlelectrics,

ïn order to dmonstrate ttrat the eq.uivorent circuít in Figr:re
14 is a proper representation, the frequency response of a paÍr of
back-turn comeeted discs v¡as calculated. a¡rd neasured i.n the sane man-
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ner es for a singre coir. The frequency response was carcrrlated.

fro¡a the vortage transfer fr¡nction of the circuit in Figure rf,
The eapacite¡rce cu was included to represenü any strey eapaeitanee

beüween the tro inner ür¡rns and grround," Appendix H contains the
calculation end the computer program used ùo eompute and prot the

response.

To

Osc;llascope

TEST CTRCUIT NE A PÀTR OF BACK-TUAJU CONNECTED DTSCS

The self-inductanee and resistar¡ce of disc coils changes a great

deal over the frequency range. 'nihen the frequency response is ca-tculated

it. is ørLrenely dlfficult to take this change into account and it is
necessary to assume a coastant irductance and resistance. For coils close
together the nubual-inductance l,r[r1 change v,rith frequencJ¡ ar¡d this change

must be allowed for in frequency response ealculations, Ttre ratio of
lor'r frecluency to high frequency indr:cta¡ce is used. to adjust the measured.

low frequency mutual-inductance to a value suitable at high frequencies,
The frequeEey response was calculated. using the þ1gh frequeney i¡ductance

f"-,
u,"1 

L

FÏGLIRE 17
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values' The measured. frequeney response is very characteristic
and conpares favorably r,.rith the carculated response as Figl¡u
å-11 inciicated. The peak and nu[ frequencies do not agree exactly,
but thÍs is due to the variation of inductance with frequency" The
lower peak and nurl, rdrich nost effect the impulse response behavior,
are quite accurate.

The perfornance of a pair of back-turn connected dises mey
then be described by ühis equíva.rent circuit which may be used to
represent a paÍr of discs in a cor¡pret,e wÍnding. The significant
parameters of the four types of windir:gs have been identified. a*d
now the equivarent circuit of a conrplet,e winding nay be exani.ned,



CH¡PTUN V

AIüÁLYSIS OF THI EQUIVjTENT CmCUIT 0F DROP-DoÌüN

DISC, BACK-TURI'I AlriD DROP-DOVüN STRIP !"III{DINGS

Three ty.pes of windinge ere anaì-yzed and each has the same

equivalent círcuit. They differ in the paremeter values ancl how each

eløent is specified. The cÍrcuiü eqrations are r¿:nitten in matrix

form and. any non-rrn-iforra winding may be solved, provided only fhat

the parameters ma¡r be specified. The current equations, utrich are

obtained frone the ¡natrix equatlons, are solved usíng the Runge-Kutta

Method, The voltage at each crossover is obtained by using the

grouird capacitance and the difference of two loop currents. The

voltage betln'een eoils may be calculated by differeneÍ.ng the respective

voltages to ground,

The equiva.Lent circuit of a drcp-dovat disc wind.ing has been

previously identffied by Dentr HartÍll and Milesrl7 bot thqr neglected

the coil resístance and solved the equations for a sinplifíed input of a

rectangulaï: wave. The sehsratic of the v¡'inding is indica.ted in Figure

tB in the same confíguration as its physieal construction'

UDent, B, Mo¡ HartiIL, En B. and Miles, Jo G", fgg-.9!þ", P' l+1i7"
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FIGURE 18

SCHM{ATIC OF ]i DROP-DOI¡IN ÐISC UíINDII\JG

The quivalent circuit in Figwe 2r can be used to represent

the drop-down disc rrrinding and the parameters are:

cs (1)

cs (K)

= capacitance to tank of first coil

c,,, (r)

capacitance to tank of (f ç f¡t g¡ coå1

plus capaci.tance to inner shield of the Krth

coít( K# l).
inter-tr¡rn capaeitance of Ktth coÍJ. plus one-

half of distributed capaci-tance between the

Ktth and (K-I)tth coil plus one-half of

the distrih¡ted eapacitance between tlre Krth

and- the (K + l)tth eoí1.

The drop-down stríp r"dnding schm.atíc is shovnn in FÍgr:re 19.



)o

r To..o-r.¿ s¡r"r¿TJ 7'--"" - "'-'-. Iî-:
FIGIJRE 1?

SCHE¡.{ATIC OF DNOP-DOI/'IN STRIP !.IINDING

The paraneters of the equivalent circuit ín Figure 21 are:

(K) = inter-ttrrn capacitance of the Ktth coil
(1) = capacitance to tank of first coil
(K) : capacj-tanee to tank of (lr + f)tth eoil- plus

capacitance to the inner shield of Krth coil

The back-turn strip winding has the sarne equivalenb circuit
as the back-turn disc and drop-dovrn strip r^rinding, but the grorind

capacitance ís slight'ry dÍfferent" Figure 20 shoss the schsratic

of a back-turn strip w5.nd5lg.

vm
I

õ

c
ó

J C <¡.. ;Îq ¡ ce
L'to t""F ¡-el I

ft1(t's)

CcP*eilance to
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Cepo c itoa ce
fo fo^k r-all

T;;';"i tc ¡ .'er grô{,chJ s h¡el"l
fo rvrher

FIGURE 20

SCHEIÍATIC 0F A BACK-TURN STRIP 'u'IINDING

The equivalent circuit is dravn in Figure 2Ì and the para-

meters are as follows:

CT (K) : inter-turn capacitance of Ktth coÍl

n /r\ -v., \!,/ -i capacitance to tank i^¡aIL of first coil

C (K) = (for K even) capacitance to. the ínner shield

of the Krth and the (K * r)rth eoil, (for'K

odd) the capacÍtance to the tanlc waII of the

(l(-f)¡th ancl the Krüh coil"

T r
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FIq,IRE ¿I

THE E(IU$ÁLTX\T CIRCUIT OF T]IE THREE TYPES OF WTI{DINGS

The equivdent circuit in Figure 2I is used to repre-

sent the three types of windings" Appendix I conte-ins the cir-
cuit analysis and the uratrix rnanipulation necessary to obtain

a forrn that can be readily solved rcith the Runge-Kutta method,

Two programs, lüicir are given i¡ Appendix J, were written to
perforrn the computatj-on. The first progran reade the paraneters,

inverts and multiplies the matrices and punches the coefficients

of the di-fferentiar equations in a fo¡rn that can be sorved b.v the

Bunge-Kutüa method, The second programe which v¡as v¡ritten for the

rBM 3ó0r' perf-oruts the computation of the voltage ùo ground at each

crogsover.

L ( r-) ß(¡-)
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A series of tests were performed on a strip winding consist-

ing of five coils. the frequency response of one of the coils is

given in Figure A-1. The winding lf{as drop-dov::n connected and the

irnpulse response at each crossover was measured r''rrith and then with-

out an inner ground. shield.. The coil was changed to a back-turn con-

nected lrinding and the tests r€-rllÍt"

The neasured. an¿ calculated impulse voltage response (figure

A-14) of a drop-dor¡n connected. r.rind.ing with an in-rer ground shield

compares veny well- in amplitude, but the frequencies of response do

not coincide. In order for the computed wave to coElpare more favor-

ably a ground capacitance of about 20 pf. shouLd be used. The measured

response (Figure A-f5) of the drop-down connected rrinding r"rith no in-

ner ground shield has oscillations of larger amplitude than the cal-

culated response. The reason they d.o not compare more favorably is

thaü the oscilloscope leads add. a stray capacitance that is not taken

into accounÈ by the cal-culations" In chapter III on the subject of

frequeney response of a single coil, the oscilloscope probe and stray

ground capacitance had, to be t'ø}ien into account. A better comparison

could be obtained if the parameters were to account for the ground

capacitance added by the oscilloscope probe.

The measured and calculated i-mpulse response (figure A-1ó) of

the back-turn slrip wi-nding with an inner ground shield compares favor-

ably Ín amplitude, but again the frequencies do not coincide. A bet-

ter comparison couad be obtained by using a smaller g1'ound capacitance"
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The measured and calørrlated Írnpulse response (Figure A-].?) of the

back-turn winding with no inner ground shield does not comìrare very

well- for the sa¡ne reasons as the drop-down windíng v;ith no inner

shield"

A s}rort comparíson of the effects of para:neter change can be

noted by ex¡mining the calculated impulse voltages in Figures A-18,

A-I9¡ and A-20" The resistance has an effect on the damping aÈ al-I

times. Figure *18 ind.icates that the voltages are insensitive to a

change of resistance. An increase in the ground capacitance increases

the magn-itude of the voltage to ground and decreases the frequencies

of response. Figure A-1Ç sholvs the effecü of varying to ground capaci-

tance"

For strip windÍngs a simplifying approxinaiion can be made by

Iunping the self-and rnu'r,ua1-inductances into an equÍvalent self-

j-nductance, Thj-s decreases the frequencj-es of oscillation, increases

the magnitude of the voltages and increase the tine to the first maxi-

mun. Figure. A-20 shows the cal-cul-ated responses with the same tota.l

induetance, but w'ith mutuals considered on one conputation and the

muöuals hunped into an equivalent setf-inductance in the other computa-

tion.

The concept of using lumped elements to represent the distributed

parameters of a coil is very useful for describing the behavior of the

winding. This meühod provides a very accurate model with which to study

the windings.



CHAPTER VI

THE EQUIV¿LENT C]NCUIT OF A BACK-TURN

DISC I{INDING

the back-turn dise winding has an equÍvalent circuit

that is di-fferent and more complicated than the three types

previously discussed" The schematico Figure 22, of the r^rind-

ing is obtained in the sane manner as for the other three

vrindings.

CcPec;Ta4 c€

to 1..rk .^,oll

CDGJ3) 
=t + Ca. pa. c iïance-

T
| | | t" inr,e¡ ¿r o'',,al I
= î = 

sh;ef"l 7 I

-T.
j.

T
T-he |vr.+î,ral- in d.,¿eïo¡¡c.c, beT*eer. ofl co;l¡ is noÏ sh ou,^

FIGURE 22

SCI{EI4AT]C OF A BACK-TUil\I DISC I,''XII{DÏNG

obaue
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ßtt)L(r)

The equivalent circuit Ís given in Figure 23.

coÇt9l

cf,ut cJ(z) cr(z\

Th¿ yr,,-Î!.ol-;6d,¡.tc.""e- bct-ee¡a q'll co¡ls is rnol sho-6 o,bov€
FTGUnE 23

TIfr EQUIVXLEI\TT C]RCUIT OF A BACK-TURN

DTSC WII\TDÏIJG

The pararneters åre:

Cg (1) r capaeitance to tank of first coil

Cg (X) -- (K even) capacitance to inner shield or low

voltage winding of Ktth and (K + I)tth coil

Cg (K) = (K aüd), capaeitance to tank wa.Ll of Ktth anù

(x + r)'th coit

C7 (I{) I inter-turn capacitance of Krth coil

R (K) = resístanee of Ktth coil
Co(xrx+a) ¿. ca?¿.ito..".cc b e.l-ee.¡r J¡s.¡ ( a c;oss a

callor fo¡ k ocld,r h =t fo L-l .
Cr(l<,1<+z) = cq.f *cif*¡ce bgt,-een átr.f ( ..rorr *

án-*rJ fon Keuen, K-z to L-L.
L(K) = ¡elf -Ìnl-<¿c-TG-.,ce of x'tl' <o;1.

M(n;,r.)= muluo,l- ìr'Lot-e1.o'6ce hú','ee l'('+h o'"á

hn'th c,oal fo,. R=l to L q¡/rr¡=l ÍoL'

ÈZil R c3)



CHAPTER, VI]

THE FILTffi' CO¡JCæT OF A TRANSFOFþER I''"JII\üDING

A further understanding of the transforner vrinling can be ob-

tained by examini-ng it from the point-of-view of filter theory. The

input wave is fixed and composed of many different frequencies. The

frequency components of a I x 50 . microsecond impulse wave have been

ealculated and it has few signifieant frequencies above 0.1 M{Ê,}8

If the winding has a comperatively low cut-off frequency then most of

the frequency components of the input will be stopped by the line eird

of the winding. The voltage distri-bution will be non-unifor:m, with com-

parati-vely high voltages between seetions and high voltages to ground

at the line end. On the other hand, if the 'øinding has a high cut-off

frequency most of the input frequencies r,rjJ-l be passed by the røinding

and the voltage distributÍon will be very nearly linear r,rith t'¿rns.

The frequency response, Flgure A*ZL¡ of an i-solated strip rtrind-

ing urith no ground shielduas measured using the sane circuit as for a

single coil. The impulse response of the winding r+-ith an inner shield

was then measured and the maximum inter-section voltages plotted in

Figure L22. Si-nce the cut-off frequency of the wind.ing lras comparatively

high the voltage distribution j-s very nearly linear as the theory would

predict"

'ì .'-oMilesr J. G, ttFrequency
The Metropo.l:Llen-y¿fikers Gazette s

Spectra of Standard Impulse Waveshapesrr,
ïoI" 2J, September, L95t+, pp. 367-69.



l+4

The same tests were performed on a disc windÍng( Figures AJI

and a-e4). the cut-off frequeney of the r.rindi.::g i-s rather low and. a

poor inrpulse voltage disbribution uould be erqpected. The theory is

supported by the experimental evidence, beeause the voltage disbribu-

tion of Figure A-2la Ls very non-uniformn

the concept of filter theory provides another method of pn'e-

dicting and u¡derstanding the impulse response beha.vior of a trans-

former vr5-nding.



CHAPTEN VIII

CONCLUSTCNS AÀID FURT}ITN RESEÁRCH

The parameters of high vortage transformer windings have

been identified and .a:.model that accwately descrÍbes the wind-

ing under impulse conditions has been deieroped" The accuracy

with which the impulse volüages may be predicted is prabàbly.-l;ra;1eåpr;..;r,rlr

by the aecuracy io rshich the parameters are knor+n. The idea of

using lr:mped el-ements to generate an equi-valent circuit to re-
prace a systern of distributed parerneters has been shor,¡n to be a

very satisfaetory method of analyzing the problen. The mechanisns

of distribuüed capaei-tance have been indicated and i1l-ustrated bv

measurements. Frequency response methods have been used to iden-

tify parameters that are used in impulse response study. Finally
filter theory has contri-buted a greaüer understanding of the w.ind-

ing behavior.

Further study using the model and equivatent circuit presented

j-n this thesis can be pursued. The ej-rcuit, equations of a back-t¡rn

disc winding can be analyzed with the herp of the large storage, high

speed contputer now avaÍlabIe. The sensitivity of the impulse response

due to parameter change can be studied. wlth gensitivi-ty functions,
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The determination of inter-turn capacitance of a multi-turn coil
coulil be investigated and the inter-disc capacitanee could be

specified more accu""tuly.r9 The effect of an iron core and ro¡¡

voltage winding rntrich the ground shield represented could be investi-
gat,ed. Appro:cfurations tc the exact model can be süudied to find a

simprer nethod of deternining the jmFulse vortage distribution, A

further investigation is needed to clarify the terrn I'initial voltase

distributÍontr.

lt¡everka, 4...*g- Hon, A. rDise-coil Idind:ing on ExLra-High
voltage Transfor-arers, o i{ectroüeg!._gkgå. (czechosiovakia), voL. 5lrsNo, Z, pp" 304-9 trgo5)ffi
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ÀÐPEI\]DIX B

CATCULATTON OF THE FREìUENCY RESPONSE OF A

SINGLE DTSC

The ratio of the magnitude of the output voltage to

the input voltage is the vorüage transfer function of the test
circuit.

Vo.'(t)
V,'rn t s)

If the ínput voltage is

magnitude of the voltage

si-nusoidal, of radial

transfer function is

frequency üf, the

written:

I v'"'l
tü;l

ß,-' ú- u? Lcr)t + (u, RCtll

This function evaluated over the

frequency response of the single

frequency range proCuees the

dÍsc.

re ffr_ L c,
s (t + ßLß (c, + cal + 5'ßr¿(c. +c¿l
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ÁPPENDIX C

ÐERTVATION OF COIL PARAI'ffiTERS FROM

FREQUENCT RESPONSE CURVES

The inter-turn capacitance, the ground capacita¡rce and the

inductancê of a coil can be calculated by measuring the frequencies

FI, F2 *U U3 and using equations C-2, C'3 and C-7" The voltage

transfer function for the lossless case is equatì-on C-l'

(c - rl

From equation C-I iü rnrill be noted that the frequency at which the

zero occurs is:

"rrnff
(c-a)

and the frequency at which thet¡-qtjb4,ñoccurs is'o' ?Prêl,; ^c.f.ely

. (c- jf

F-3 =

F?=

There are now two equations, but three unknowns. the third equation is

obtained by deriving the lowest frequency at which the magnitude of

the voltage transfer function is one-half, vùen a load resistor of 1

K.lL is used.

* P, o ui ded'

+ r.tzL'

L 1< a R; çcr+cg)



81

Equation C-/ç can be altered to C-5.

-,+ ßl L'((c-*"r)t- 4crz) * -,.[ LR.' ( BCr - a(cr+crl) + Lz

+ R'R.'úc"+cu)z-+crt)l* K¿+aRR.- 3ßi (C-r)

The foll-ornring approximations are used:

ße+ a RR"

R'R{(c,+cs)¿- +cÍt
Then C-! is reduced to C-6:

-fR]u"{{c,*cì.- +cr.)* -,.(ßÍlc,+L¿) -Bß"¿= " (c-e)

Substituting equation C-2 a:rd C-3 in C-ó.,,6nè Aût

(c-z)
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APPENÐTX D

ÐERIVATION OF THE DTSTRIBU'TJ'Ð CAPACITANCE

0F A FOLDED'ÉJIRE

The capacitance between two parallel eonnected or unconnected

wires can be cal-culated from the stored energ'y. The stored enerry

avaÍlable at the 'r,erminars of the two paralrel unconnected wires

is deterrained by v, the applied terraina - vortage, which is constant

across the w-ires at all points, c the capacita"nce per unit rength,

and L the length of a single wire. The total stored enerry is
L.1E = å/.v'Å!. = *cL v' = å.u*t'

The equlvalent capacitance is:

Cet= CL = K€o yl L

Tn ,rrhi"l, ¿

K is tne dietectnc constant and url is the width of copper and d ís the

separation from copper to coppero

r¡{hen the wires are joined. at one end to fornr a forded r.¡ire

the voltage (v4), across any elementar capaci{:ance, is a fr.¡nction of

position (¡f,) along the wire.

Vx= V- W
L

the total stored energy Í.s

rE. = i..f"(rz-\4¡-lad- = LC,.^vz
;Le-E

= J- + V¿ :í - i'.1 :... 'uo''
z-?



8/+

The equivarent capacitance is one-thlrd. of a paralrel w-ire

capacit,an"u.20

20. Harris, F.K. "Electrical Measurements, tt John Wiley
and sons, Inc ,
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APPENDIX E

D{PULSE IìESPONSE OF .A SII\EIE COTL

The voltage transfer function is;

þ"ro - R. -{- sßRLCr + S¿LR"cr (e-';v;¡G) R.f R + s(l + ßuqfc, +ca) + s" R.L¿cr+ cr¡

The differenülal eouations that, are solved. by Runge-Kutta ¡aethod

are:

d -,ft) = Ð.10 ns,.ú) b D(z) Lt e) + a- (aoe tI . oá'*J
Tt õ-t¡r D(3) D(Ð

áV = ar,(tl
JI

where the coeffj-cients are obtained from (E_I) 
"
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ÁPPENDIX G

IIüTER-DÏSC CAP ACITA}üCE

I Back-Turn Dj.sc l'{inding

For solid insuletion between dÍscs:

t l- K €o aff ß,* r" Z.1r, x,o-aLD= 1 D

The di-nensions are in inches and

K : combined dielectric and fringing canste.nt

T" : thiekness of coPPer

D = separatÍon, copper to coppen

R : mean radius of coil
¡u

For a duct between the discs:

co= +(U + aJ-^) K'€o aûR"^T.a's+*'o-2
2 \e rp osetl

where: the dirnensions are in inches

D_ = dielectric of paper arourd vrirep

T- = thickness of paper arourd wire
E

Duct = duct hridth

Kl =afringingconstant

II Drop-Ðovm Disc tr{inding:

For a ducti

co= ¿[:e + -L] 
K'eozrrKr ?'54xto'z, Lrr, o,."tJ



Y)

l¡rlhere the dimensions are in inches and:

Dp : dielectric of paper

Tp = thickness of paper around wire

Ðuct : duct width

R_ = mean radius
m

',]K- = fringing constant
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ÁFPENDIX H

FRMUENCT RESPONSE OF A PAIR OF DISCS

Thd vol transfer function of the test cireuit is:tage

I
+ a s(cr + co[ß+ sL) - s"M ca + z s¿Àl c¿ I 

"s"[c6c cr+ ce] r C, (c,+coXßß+ sL)¿- ,""fl
Vrn.(r)
V;,. ( s) ñ ñ * s(c, * c" t ¿co)(ß* sl) -Þ e s¿McÞ l--ì

I 
- 

L' s"[ca(t' * co) * cr( c'+ eco):lf(.+ sL)a- á m)1J 
Itl

þ U. s nrelþ (n+ s(u+n)) + s(ca i a c'l[tn+")'-6*flJ
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APPENDIX I

ANATTSIS 0F TitE EQUTV,$míT CIRCUIT

coil

9Q)

L(L)

Mutual-Inductances between each

and every othe.r coil.

The fi¡st loop equatíon ;

d("¡ft)) 
= 

èo _
¿ t Cr(t)

i = co(r) Ú)l,o _ ¿--- Ft
The first lower loop equation:

o=lt.$ + +r\¿.- -l.
\ cr(,) "je)+ ä,1 ', - {f.r 

t

Substitut,e I*2 into I-3 and write the

equations,

(t
Co(l)

o

-t- ¿r

-.í, e" (r' r)

Íþ=

U

,-,
\_ ".

II
I r sT(.,

iu Cr, '
f lta;<'r

= ,-\ 
=þ(t L- L. LL

remaining lovrer loop
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L*$)
àr

o

o

¿1

o
o

ô

.t
h
ïr,)

d,,,) " 
-

S*,)¿, 
-

= (*u,* .fo) i' -

¿f * [l + I +c{zl lcr (') cr(¿)

¿¿ *l-r +.l
+t- ({<.r * $l't*

Lz
CgLz)

L

-g

¿

c

Çt
q('
i,

tg

gLÐ

iaIt

.l

þ
il c/a)

3_4) cr(3)

'

:

:

C^(r-) t cll)
¿

-L \¿. -clt¿-) t

,l
-!- ( |
cr(L)

The se prnduce the matrix equation;

..+ -¿ I -r o,' cdz| CaCa)
o

o

6q(3)
J'
o

:

o

cgO)

o
t' - 

-rcr-r
LL. I

L¡-t ll + |

ct(L) \Cr(L) cA(L
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I

Ct( t)
o
o

,'
-l

-.t

t

t

:t
LL

(r- +)

o

nc,.¡ 
j',

o
I
C{rJ
O

o
IoFo

Equation (f-4) in matrix form is:

Wtü = þJfúl t*,1 [oJ (r-5)
the equations for the upper loops are:

o = *o í; -f *t Li + {, * rlct,z¡ i1 + M(,,.) i!
+ M(r, +J i'* * . + t"1ú., "l l''L 4c_(r)

o = tltt,ûï', + Rtzr ii + t<rs ï; * 4-.; rn(a,¡J i'!
' C.(¿)

-+ M(e, ù 'r'; + -- . - - -Þ tl(z,r-¡ i', - L
Cr(r)

N (,t,rl ii *

"+ Lc¡-) ci

o
o

I

Cr(s)

ftr(e, r¡ ¿í +.

+lL
Cr(r)

to
. . + tvl (t-- t, L) ¿'.-,

4lur
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These produce a matrix equation:

L (rl

lT{l,zl
fvl(f ,3)

Þ1( l, t¡

lM(r,e)
L(z)
M(¿,t)

Mt,3)
lvt(e, ¡J
L(3) 

.

¿1,
aa l

:

:

Q=

R() o

o FtA
oo
:

L(,--,1 ttlr-',
m(L-t, L) L(t-) ii

o o '..
oo
ßfe¡o

!,1

.¿
q(..'l

cr(r)

,Å

l.

o

Crtz)
o

Cr(r)
o
o

oo

o
I

+

0

!
C1(r)
o

:

6

o
J
cr(3)

o
J-cr(r)
o

;
o

¿.

¿2

i'o

(r -6)

-Lc{r
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¡u ml [ir'ì + tR]ts l ft- z)

If the currents in the lower loops are solved; the

voltages at each node can be found by differencing the loop

charge and dividing by the ground capacitance. Equations

(I-5) and (I-7) are first solved for the loop currents.

Equation (I-B) i= derived from equation (I-5).

[o'] = t*]-'[."icr] -r- t*l-'[.*] rnl (r - s)

+ [*]p'J _ 
f.+lpr

I¡,Ihen equation (I-8) is substituted into equation (I-7),

equation (I-9) is developed.

- tL MrFl-' f;; el - [r- *]F-; -'Þr] 
t rt l

- fRr [+] 
-' l+("t + rnr Ë?J t-"tJ t e l

(r 1)
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An integration of equation (r*g) is perfonned and the cur-

rent is replaced wittr its differential, the charge.

r ..1 f iilL"Yl = L -J

Vøl + t*l[*J-'V,,tr + f'{ t*] 
-'Votr

= tr-nnlÊJ-'[*]tíl + rRr[+]-f.b,.l ttl
+ tt+¡ Filto7

solving *" ItJ where 
tde]

tol = - Ë+l-f*;n nr-'rst+l f*ltsl
. [#=]-'[*] G'J-' l-t.;l
_w,l-'[t]ß'¡l''kl [El
+ t*r]-'fnì""]
+ Ë] 'f,*J [r-nn1-'[n]t# b*,1 (r- lo)

This equation is now in the form of a second. order N-dimensional dif-
ferential equation that can be solved using the Runge-Kutta Technique.
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