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ASS1EACT

1bÍs thesÍs contains a reporü of an experinental study of the

application of an T-rn¡¡ulse Crer¡eretor SÍ-nnrl¿tor to the detectlon of per-

manenb winding failures i-u. relay coiLso the sensitÍv:ity of a nn¡mber

of failure detection techniques r{Ets exami¡ed on coff.s speeialþ tapped.

for controLled fallures and on coils fanlted by hÍgh voltage irqpulsesu

lbthods based on an ocamination of the índuced coÍ]. oscillatíor! were

found most suítable for detecting pe:rnarænt failures in coiL wÍndfngs".

The l¡rternal ímpuJ-se voltage distrlbution along the eoiL r"rindíng

¡'ras eænrined for a 1å bãr l+O fnrpufseg the Jargest voltage gradient was

found to oecur betr"reen the outer layers of the coíl dr:ríng the first
few' microseco¡rd.s of the app3.íed i:rpu.Lse"



PNEF¿,CE

trbílure of relay coiJ"s in Electrical Distribution $rstems, frorn

excessive voltages i-nduced by lightnÍng and. switchíng transÍents, has

stfum¡lated the desire to Íncor-porate high voltage Ímpulse tests ín the

speciJications for seLectlng coÍLs, Before these tests can be of argr

value, a nethod is requíred for detectì:rg and. evaLuatÍng danrage Íncprred,

r,¡'ithin the coÍLs duri:rg the hlgh voltage Ìmpulse testsn This thesls

exarnfnes in parbicular the possibil-ity of using Low voltage Ímpulses

fron the Inrpulse C'enerator Sj:rulator to deteet permanent winding faÍ1"-

ì.lreso

The thesÍs is divided into four sections: rntroductiong stugr

of Failure Deteetion Methods; Inrpulse Voltage Distribution withfn CoiL

lfindÍngg Conelusions u

The fjrst sectíon is made up of four chapters" The first ehapter

outllnes the problem, while the remainÍng three chapters describe the

techniques and equipnent used for the stuSr" The second secÈionu Chapter

V to ü, describes the r"esults for the faih¡re detectíon methods and.

eonstitutes the body of the thesis, The thírd sectíon, chapter x, des-

críbes the ínternal voltage distributÍon wíthin the coiLn The fouyùh

sectiono chapter xT, sunnarl-zes the conclusions of thÍs study"

The author wishes to aclffolrledge the assistance of professor

J'P.C' I&}{ath ín perforrnÍng these experÍmentaL studíeso Appreciation

is also exbended to the NationaL Researeh CounciL for the financfaL

lssÍstanee, to Ploneer Electríe r,ùnited for donating a supply of coiLe to
bhis project, and to h, R.lo BagLowe MoSeoe for hís assistanee in proof_

readÍng thís thesÍs.
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CHAPTEE

DE1/EÏÐPi!EI\IT AI{D STATEMENT OF THE FROBI,EM

The advance i.:a the eLectrical industryu af'ber ÌtríLlíam StanJey

denonstrated ühe practicaS. use of poner distribution by alternating

srr¡rent in 1886, ¡ras not accorplished without the growing pains whieh

nomeLþ accompary new denel-oprentsn The transforgrer espeelaS.lyu the

key to ühÍs techuÍque, plagued seientists for years by its resistance te
eonventional anaþsÍs" The fr"equent fai}¡res of transformers in dlstrib-
ution systemse nesulting from excessive voltages lnduced by lightu.ing and

switehing transíents, stimrJ.ated an fntense study of the transierib behav-

four of singS.e-]ayer windfngsn Blune and BoyajÍan in 1gL7 revíewed, these

earJ.ier studl,es whlch predfated that the lnftåaL vrltage d,istrlbutåon

wfthtn the winding wouLd asslrne an elcponential form control.Led by the

dfstríbuted capacitancee and. eryerirnentaLl¡r rerffied this pred.lcted i¡rå-

tÍeL voltage dåstributlon (reference [)o Ttllth the advent of sensltiræ

år¡stnrn¡ents and the high voltage Ínpu3.se generator, transforner desi-gn

Smproved to ttre point that transformers could lrfthstard the stresses

Ínposed þ the er¡viroruner¡bo HÍgh voltage fmpulse tests were conrnorrly

specS3i-ed as a eor¡ditfon for the purchase of transforrrers in order ùs

demonstrate the abilÍty of their uindÍng to withstand. high trar¡sient voL-

tagesn Tnspeetíon of the wind.ings after such teßtse on di-snantling the

eoi3", discS"oped that failure had occurred. durirg narry of the testso Sinee

fndi-viduaJ" inspeetion of the trar¡sfo:gners rüas ver5r eostly, method.s were

developed to deteet these winding failures rrithout disnrantling the

transforgners" At the present tåme, the methods of failure deteetÍon are



capabLe of deteeting faf}rres occurrÍng between adjacerrt turne in
singie-3ayer wÍnd'íngs" Hoarever, theory and experfiræntal technlqrres
'¡uere dfreeted. tøEard.s tesüÍng síngle-l¿¡rpr wÍnd.ings, with only a few

exbensior¡s .to rmrlti-I¿yer windi:ngs u

As distribuÈíon gystens h¿ve fræreased Ín size and. eoiçJ.exttye

reSays harrc been lneòþorated. as srritehes to protect a1d controL the
various sestfons of the-systemo These relays utiLize eonpaet nrultf-
layer eolls for effiefenrb Lø,ø,porrer operatÍon, and the use of ther

coiLs 'in r¡e¡r enviroruer¡üs bas pnesenbed probl.ems simflar to those faced
by transforrner desfgnersó The analysis'of the behavÍour of the,, eo{ls
has been sjmnlated, by næans of network theorgrn and digl.baL and analogr:e

corrÐuters har¡e beea necessar¡r to solve the resultf.ng eqriations (refer-
è4ces Lu .2s Lo, IL)" -An out,Lfne of the mulùi--Iað¡er cofL theory and, its.
associated apaþsÍs is gÍven in'Appendlx ugm, There has resulted. in
Índustr¡r a eonsiderabf.e' interost f.n e:rbendSng ürç àpphcatfon of higb
voltage techniques to r"eJay coiI.s, sínceo if the J:pulse geræraüor eouLd

be useå to test the ability og frre co5.L ¡rtn¡ting to withstand hågh tran6-
feat voltê8Êss the eosü of derieloping new equfpreent and techniques wouLd

be greatþ redueed, nhe demonstration of the abiLity of ereetrÍe
apparatus to wfthstand. theL , f-mpur.se teste r.s of r.rtür.e r¡arr¡e i¡r ftser-f
nnless adeqnate nethods of deteeting fallures are ar¡all¿b1e -Ín conJ¡netion
r'o'fth the' testso Ttrerefore, before hígh ,voltage imputrse teehniques ean be

e:<teacled to relay eoiJs, eristing fallure detectfon methods nnrst be e:carnj-ned

to deterrriæ i-f firprovement or revislon fn the ¿s6hnì'que f.s neeessarSro Ts

tbe nequÍned detecÈion sensltlrfty ean¡æt be satj.sfied bg¡ thesa teehniqueso
new ¡ethbds must be dereLopedo



?

The nafn pu:qpose of thÍs stuff uas to sho,r the exbent to whlcb

the Inrpulse Generator SÍrmrlator couLd be used. for deüectlon of farrlts
lncurred by high voltage irqulse testing of m¡rtl-Iayer eoi].s" To

realize thls obJeetíve, existfng faí}rre detectíon nethods ¡urelqe modÍfÍed,

to suit the geræratorn and new methods were developed to Í¡crease the
deteetíon sensítívityo I:ß add.Ítionn the f-rçuLse voltage d,istribuüÍon

along the winding was predieted from meêtsurenents taken at the end of
S.ayers randomS¡r seLected. within the windíngo



CHAPTER TI

Nryt'I,SE - F¿.TIURE - DETECTTON METHODS

Higþ voltage irçuIse testing has long been recognized. as a neans

of testing the durability of transforrrers to abnonnal- stressesg and the

desír'¡e to use this test stlrmrlated e4perÍmental and. theoretieal invest-
ígations to develop nethods for deteetlng insul¿tíon failure that nay

occlrr duríng these tesùso PreserÉ ræthods for detection of failures in
transfornærse as stated in A.S"A" SÈand¿vd. C*|Ts ånclude rrr¡oÍse Ìr1thin

the transfomerg presenee of srnokreg excessÍve eurrer¡b or drop in voltage

in the exeitation cjreuít as fr¡,C,feated by nagnetie oscilJograms¡ faÍlure
of a gap or bushing to flashover although the oscill.ograms indieate a

ehopped waveg and presenee of oscillatiors or other rrarj"ations from the

expected wavesllape as Índlcated by cathode ray oseí1logramsrrn lbst of
these nethod's zeadiþ revealed a major breakdor,trn of the lrindingu but

fla1l-ed to detect ¡rith eertair&y ary snalJ lnter-turn fault (refer.enees

2ot 3J")" However, teehniques involving the cathode ray oscÍL1oscope

:ade been successft¡L in deteetíng faílures bet¡qeen adjacent turns in the

lransforrer wlnding, Arbieles describing the teehnlques used, during the

:igh voJ-tage lrryu3.se test p.re íncluded. fn the båb1lography, but rrÍLl ¡¡ot

re dlscussed as their materiaL ib irreLevant to the present, subjeet

frefer"ences 28n 16), The oseil-Lographie methods of fault detection

itílízing low voltage teehnåques were modified for the InpuJ-se Generator

ii¡mrl¿tor and their eapablS.fties and Lbnitations e:canÍned during thie
,:ovestigationo
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rhe rap'lse Geærator s1¡6¡.1"tor eonsfsts prfnerf.ly of a large

cordenser ¡¡ùrich Ís eharged thnoqgh a reeùj'ier and a high voS.tage t'ans-
former fton a 130-volt alterreting eurrent soutrce, and discharged, through
a pJ'se forrntng networkn the paraneters of thfs uetr,rork een be cor¡ürolJ.ed

' at ¡'rilL to y:ieJ'd a range of lcrn voltage inryrÍlses whÍcb are ruited, to a
raxÍ¡nrm peak var-ue of 600-800 wlts deper,uling on the desfi¡ed, outp't
waueshalleo

The l"or voltage f4ruLse, used, to energf. ze þ!rc eolls fsr the teotae

, 
ffi be deflæd before proeeeding rnitb the dÍser¡ssLon on tbe fault detecü-
åon ræthods,

ïf - I DF"SCRIPTION OF A tOÏri V0LTAGE n4püËffi

The lrpuS-se voltage is defir¡ed by the hernatiorel Electro-
teehnical corunåssÍon as a r*trnidi¡ectionar. traneient voltage whfch,
without appreeiable oseillatÍons, rÍses rapidly to a naxÍ¡rrr¡r value and,
falls¡ usrÞ,Lly less napidJ.ye to ueror" Refer to figures 2-! and. 2_Z fou"
the folls¡,rtng charraeteristÍcs of the coil,

(a) por¿nrtva 411 e:çerlngntal work perfomed for this
ühesis wed a poslÈÍve puJ.se to ground"

(u) peak val'¡q 9a. \rj*'.l*L pgeE @ Êå e'eil---L.a.grgas 9{i9j"
Refer dineetly to figure z-z fot an ÍLrustrnation of ühe rirtì¡ar.
peak of an íryulseo

(c) vf@- front Liæ" Tt" Thfs Ís defined as {1,6? ttures
the tÍriæ ínterrrar. T between the instante r,rhere the Írqprrrse
an4plitude ls 3|lts pofnt An and, 90Ée potnö Bo of (virUrraf ) peatc

æ.luer¡' Tbe virtrp]. zero is pof.r't c1, the e:rtrapo].ation of Èhe
Ll¡le through pofrrte A and. B to the zers Lire,
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,tr'IGURE 2-1

T3{PUT,SE IdAVTTþRM PROTMLY DAMPEÐ

,, --J
FTGIJRE 2-2

NÍPUI"SE ÏIAV]qF'ORM SLTGI.ITTY UTÍDERÐAMPED



(d) !¿fb¡æl !¿l!p þ lra-Lf-va]ue o TZ" Thís is defined as

sThe ti¡æ intervaL between 0, and the instant on the taí1,

where the voltage has deereased to hatf íts (virUual) peak

valuetd"

The standard A"S,A, Ír,rpulse is described. as a 1$ by hO wave,

uhereas the ÏnternationaL Electrotechnical Conmrission reconlmends a L,Ê

Jy 50 iüaveo The r¡a1ues descrLbing the impulse are nreasured. j-n micro-
:

¡econdsn A Lå by l+o :mputse would, then mean an Ímpulse r,rith a rise

ilrne of $ useen (rnicroseconds) and. a virtual tjme to half-rralue of

í0 useco The A,s.Ao tolerances allowed on the shape of the wave fs

lA% øn the front time and 20% on the ti¡re to half value" Due to these

"ÍberaL tolerancesu the front ti-re was measured. as the tinre between the

'Q% and ÌrÉx5Ìmm points of the impulse amplltuden The taiL was measured

'rom vírtual zero to the pofnt where the voltage deereased to one-halj

,fs naxi¡rnrm valueo

ïf - II FAILURE DETECTION TECHNIQIIES

A sorunon proeedure of faílure deteetion for ùransfornrer windlngs

orsfsts of app]yf-ng a reduced voltage impul"se to the tesnÍnaLs of the

est coi3., testíng the cofL with the desired high voltage fmpulseu then

eappþing the reduced Írnpulse (referer¡ces 6, zos 3Le 3S)" osei3.lograms

fl the reduced voltage Í-npuJ.ses are recorded and later compared for dis-
repancíes" .A¡x insulation puncture tending to transfent are-over wíl-L

luse a high frequeney oscil"lation somernrhere aLong the redueed. impuS-se

rveg ar{F ir¡,suLation failures, &eeorq)anied by a pemt4nent, earbor¡lzed

Ith betr',reen porbions of the rrindíng, wÍLl" eause a deforyrnation in the
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'r'raveshape of this 5:rpulse ïüareo VezT ofben diffe¡ences are deteetable

on].y lf the osefLlograms are superfnposed. upon each othero the Ï¡est

results have been obtained. by usíng a roosely coupled gerreratoE, thas

is, a generator of small" eapacitance so as to have an ir¡herentþ high
reguS"atioar to ehanges fn the impedanee of the ùest pleeeo lrlhen thÍs
method was extended ùo the Tnçtr3-se Generator Sinnrla,tor for a stuff on

reLay coÍJ"s, the redueed voltage ï,fras Lflms-ted. by the generrator capacitanee

to a naxj-nnrm peak voltage of h00 vo1ts. Voltage oseillograrns of the
jlryu]"se appS"ied to the esfL fron the gerærator m¡st first be reeorded.

for the cofl" fn lts naturaL or undarneged stateo Afber eormpS.etion of
the desired er¡cura¡ree tests, osci].3.ogreins of the gerærator output

furpuJ"se are again reeorded. across the coj-L ùerrninaLs and. compared, to
those reeor.ded prev1ous to the endurance testo Aigr decrease in the

't'aí1" of the vo3tage fmpuJ.se i.ndicates a reductÍon i¡¡ the eol1. lmpedaneen

resulting from int'err¡al" faÍIures, in the same naruþr that ruas obsewed

on the redueed impuJ'se duning tesås @n trar¡sfoïftærso Sinee the voltage
waveshape &cross different eoils are usuaJ.S¡r d.ifferent even when the
:

geræraton settings are Ídentíea]", it ís necessary to eonpare a pair of
,ose{3.3"ograms frsm each eof}o Detectíon of permarænt fairr¡res br thie
beehnÍque i"s æcaml"ræd fn det'aÍL 1n Chapter V enöft1ed. rrÞçerfirentaJ.

lesu-lts for the voltage OseiJlogram Fbxr-lt Deteetj.on }bthodûûo

A r¡cI€ sensftfu¡e detee't"Íon test for üransformens j.s obtained þ
ebeewÍ.ng the etlrrenÈ waveforn e,eross a shr¡¡¡t pJaeed, bet¡veen the l"ow

roltage termi-neL of the test pfeee and the grounded termfnal of the

righ voltage SarpuJ"se genoratør (neferêr¡ees l+n Sn L6Ð pAÐ ZSÐ 26).

forma]þ thts eurre¡¡ü wavefonn ls obse¡med, durfng the aetuaL high voltage
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fuputse tesÈs, but tests have been perfor*med by nedueed ftrLL r¡ave

üçuLses" Hor'lrevero at redueed voltages thås test f-s less effeotive for
detectìr€ trar:sier¡b âï@-oïrêF that rnay oceur in the windlng, Oseilro-
grarûE fllustrating winding failures ae Low as OoL perceub of the total
transformer winding have been presented in a rnr¡nber of teeh¡rieaL papers@

Ihfs current Èest was altered to suit the ïnrpulse Crenerator SÍrm¡.Latsr

ar¡l i¡volved basiealþ the san¡e proeedwe as the voltage oseLJ.logram

nethodu except that' a current shunt rras added. to the coil. círculto Thls

:urrenü shunt tmy be a resistoro eapacítor, or ínductaneeo The nalue l-s

rot as eritieal as for tænsfompr testíngn slnee relåy eoLLs have a

:elativeþ Sarger resistanee and Low value shunts are not essentiaL to
'etaj¡ the bal¿nce of surge euments, hihen the t¡so Lsar voltage ewrenÈ

rsei3.J-ograrns obtairæd before and, after the high voltage fupu3.se test ar^e

ronPeredo deviations ín the seeorul osefJ.1ogram waveshape ¡ríLL result from

'ermå,rÞnt lnternaL faÍlures lncr:med fn the eo$"J. wÍndÍngo rt is lmporbant

hat the sane voltage fs appLfed when reeoxding both osei3.J.ograms, sinee

he i¡duet'fve cument is pnoportÍonaL to the integ*iL of the appl.ied

oltagen and any incr"ease ln the applied voltage ¡síLl Lncrease the curre¡.rt

3.ow acesrdlngl,y,

This reÈhod feíls entÍre1y for choprped waves sinçe at the instanü

F ehop, the tùrp at whleh the fault i.s most r.åkely to oeeur, the voltage
lops to zero ar¡d no rise Ín eument ean result to iffii.eate a ds@reased

Lnding irn'pedanoeo

the more eonp)ex oscÍJ"3.ograph{c teohnåEues were not. exp1.oited, siræoe

t generaS'u they eouJ.d not be appJ.åed direcüþ to thc TrryuJse Generator

¡nrlatoro A ræw approaeh was examíned ånsbeade a etuff of the effeet of
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)hanges i.:a the coil r,¡-ind.ing structure upon the induced oscillation
rithin the coil" The i:npulse is applied. betrreen oræ of the coil ter_
dnals and the coÍl shell-, and the output obserrred. either betroreen the
'emaining terrninar and, the coil she1l or directþ across the coir
'er¡ninals' In the fort'ær method the obser"TËd inpu1se cor¡sists of the
ransmitted appLíed furrpuLsa, nodul¿ted by the inrluced ínterr¡al
scil"latfon, and is eaLled the Transmitted. Tnpu].se Deteetíon lÍethod."

n this rnethod the transmitted. i-ryulse ís uruffected., but the anrplitude

ad frequensy of the modulatf-ng oscillation are sensitlvd t,o changes fn
he coil r,rrinding" the experímentaL results for this method. are includ.ed
n chapter vrr" rn the latter method the internal oseir"ration is
rnítored directly and is called the fnduced oscillation Deùection Ffethorlo

ire experimerrþal results for this method ane irc1uded. fn chapter vrïï"
I¡¡ order to study the lnrpuLse-fallure-detection rnethod.s for

Lrqle turn and' layer falluresu it r^¡as necess&r5r to provide coils rnrlth

¡ntrolJ-ed, faults' The folLor,¡:ing chapter describes the preparnation of
rese cofLs, and the e:çerí¡ental technJ-que ernployed. during the beeÈe.



CHAFTER TTT

PREPANATTON OF COTÎ,S AIüD }æASUAEI,EI.üÏ TECHNIQÛES

r-OB fTtr RECffi,BENT SURüE TMPUT-SË GENEBATOB

ÏTI - T FB,EPARJ.TTON OF COTÏS TESTETi

As pre'riouely stated, the objeetÍva of this thesis was to examino
'the deÙeetfqaa ser¡sitivlty of a nr:mber of deteetl-on næthods utf1.izing the
ftnptrLse Gerærator sfimrLator and. to obsenre the fmpulse voltage dfs.bribution

't'hat' resulted a'ithi-n the eoil" windingo sinae thÍs study required eonstant
probfng is;bo the i¡¡terior of o¿,he rrindf.ng to siraulate vas"åous fail111"es, f-t
"nas deej-ded. to positÍ"on teps a'o 'the end.s of the eoå1" J.eye.rs s6 &s not to
icrberfeift] significan'bþ vrith '¿he in-{-tie} eapaeitive ¿¿nd. fnduetive dts-
ùråbutl-onso To determlne ff ttre tapp,rng proeedure, on in faet tire taps
themselves, altered the imE:lse tesü smvefornen ersreÍJ.l-ogname of voltago
and el8rent r¡¡ere reeorded pråor to tappÍxg these eoiLe and conpared mit¡
t'he oseil"S"ogrruns rcêoorded. afber ttre a:,ej.L was tapped.o The superJ;rpo*ern

resul"bs are strlorre f.n ffg,uw*s þL end j-p f'or 2ídCI0 end hp0O turn aoj"l"s

nespeotircþ, he:reafber designabeti ae eo$.Ls (1) an¿ (p)g the osoåIl1ogranie

rçcorded before and after these eoiLs wer.e tepped, eorresp@xld in eaçh çaseo

the ePíd vistbLe on all' osoÈlH.ogran¡s eneJioseei sn this thesis represenÈs

c ï çmu squ&rË grJ.d on .bhe oseijlLoscope scfiJsÀÈo ,flre t,eehnique used in
photographing anrl de'øetr-oping these oseil"Lograrns is dçseri.bed i& Apper¡diÆ

'B8ro

Ï¡¡ srder to gain aeeÐss t,o Èhi-s winding 'tÏle bobei-¡l eruå an¿ plo-
;eeti"ve tape were pe¡np'¡erå frovn o¡ne en<ú sf the CIone and. a m¡rrber of layer
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$0 usee'/cmo sÌdìsepg LOOv/en" defl*

1å bf 200 appl.ied i:ryuJ"se
posítfve potentiaL measured downr¡ard

ZCI usee./irne süeepg 5'/**, defL"

cr:nenb ilpulse for
1å by 200 appLied lrapr:J"se

posÍtive potentfal n¡easured upluards

OSCil,LOGRA}F FOR T.APFED A}üD ÛNÎAPPED zzOO-TIIR¡I COTL

F"TGtTRE 3-I

The lower osclllogram represents the waveform af.ter the coíL wae
[ppedo Arrnature eore contained. ín eof]" shel"l""
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20 useeo/crn¿ ffi'reepg ].OOþm" defLo

lå Uy h0 ap'plied ÍmpuJ.se

L useco/cmc srrêepg zvfemo deflo

chargÉng cur:rent' Pulse

2o useeo/cno sßreepg f/cn"' defLo

cu:rent r'rar¡eforrn
arnature core contaíned' ln

cofl" sheH"

20 useeo/emo sweepg LOv/cm" defl"*

curtent wavefomn
ar-mature eore removed fnom

eoLl sheLl"

OSCffiIOGRAMS FOR TAPPED AlüD UNTAPPED I+2OO-TIIRN COIL

FTGT'RE 3-2

The Lsçrer osciS.logram represents the waveforgn afber the eolL was

,ped, Posltive potentlal measured dow¡nardo The current luaveform"s

r"r áru recorded for the lt ¡y l¡0 appl"ied ímprrlse sholffito
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ends were separated. frora the rensínder of the coLLe Taps conrposed of

wlre identíeal to that r¡sed ln th€ co1l" winùing lrere soldered to ran-

donly selected J.ayers, and the soLdered ioints lnsul¿ted by a coat of

g1¡ptalo The locatíon of therl taps was not l<rro¡rr tilL afber ühe com*

pletion of alL tests as this informatlon cor:Ld not, be obtalned' l'rlthor¡t

dismantling and urrrÍ-nd:ing the coíLn The tapped turue, r¡rmbered fron

the top l¿l¡er¡ tùere B

coil. L 26e 2O5, l+O9u h?5, haO, 6fuu 8l+5s 900e 1L00s 1302"

colI 2 267Ð 5B2t 5go, gilt, gaTo L239e l2b6e 1!8hs 19L8,

OnSy orae type of coí3., cl¿ssffÍed as 8l22B0A by Pioneer ELeetrle

Liinr-itedu rras considered. !n thís studyo A photograph of oæ of the¡

eof}s, along ¡rith its corçonent par"bse is lllustrated ln ffgurre J-Jn

and. an illustration of a tapped. coi-L is shovnr in flgUre l',1+"

Sl-nce co1ls were not systenatícalþ wour¡d a dtegram ¡ras cor¡strrrcted

whích indieated the positlons of the tr¡rns and Sayerse and the síze and

type of eofL irrnegul¿ritíeso fhe diagrans for eoLls (L) and (e) a¡¡e

shodn in figures þ5(a) End Þ5(b) respectlvelife and reveaX the'Lnco¡¡p

síEtencíes between coiX.se and, more specifically, the l¡rcousistencies

betr¡een Èhe l¿yers in oræ colJ."

't¡ühen Èhese coiLs lrer€ un&üoltnd 1t was found that r¡o in-fo¡rn¿tioa

had been obtained. eoncernoir,q srnaLl- faÍSrrresu and, a¡þther coLL had. to

be prepared to conrplete the, , testso Ho'¡¡ever, thfs coÍl was not tapped

but the proteetíve tàpe and, ínsuLatíon wero r¡emoved to erçose the top

rl¿yer of the eoiLu in order that shorbs involvSng adJacerrt turns and

sfmÍLar corbi¡ratÍons could be t,ested'
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TEST COTI A}TD COMMNENTS

FrfilRE 3-3

bobbin
coÍL

DÏAGT¿AM OF TAPPM COTI

FIGURE :|-¡i'
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Since the outer J.ayer was onJy a part la]reru another coil was

strípped to pe::riit the voltage distrlbution to be examined, along a
complete lsyer' The rcinding of the coíl was removed fron the core
and sr:fficiently unuound. to e4pose a colrplete layer, The rui¡d.ing T¡ras

replaced' on the core sherl and the i::.sur¿tion of a rnrmber of turns
flas Temoved to allor^r the voltage disùríbut,ion to be prrobed along this
layer.

, T--;,'ffiffi###trffi_ïtr_Du'*c

THE II{PUISE GEI,IERATOR SII4UIATOB

4,o impulse voltage r,ras applÍed. to the coÍr by the ï:npulse Gen_

rator Si¡nrrlat,or, as dfrected by the parbicular test or neasurement,
nd the output transferred by means of a calibrated. high frequency
robe to a TelrbroruÍx þwe s33 oscílloscope" To mfnimize the effeets
f lead induetance and capacitance, the tapped. coile were nounted on a
lgh bJ-ock elose to the gerærator termírels " W stray capacitanee
:r:roundirg this apparatus was lcept as constant as possibS_e by presenrf.ng
re positÍone of the coír, generatorn and oseilloscope for ar_J- tesîis,
pieture of the apparatus j.s shown in figune 3_6"
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CITA TER TF

r¡GH VCNT¡.ffi T3{PI]ISE TESTING

1\uo colLs were sr:bjeeted. to hfgh voltage irçrùses untfJ- üæy

colJ-a¡xed" 1n order th¿t they oor:ild be tested. for luternal darnage by th6

fauLt det'eetfon rnethods deseribed tn Ghapter rr, To æalueüe the

reltabÍJ-ity of the fauLt deteetlon ¡æthods worrLd, requÍre testing 1arge

rn¡mbers of cofJ-sn sinee mrg¡ eojJ.s fal.]. at hígh voltages uithoub ]-eaving

enough earbon to produee e permÊnent faÍlure at lo¡r voltages, sí¡oe a
srrfflci.enb supply of the colSs was noü aæi].abLe for proper erraLuatiou,

so¡æ of the eristlag prob3"erns co'}d, olfl;¡ be índicated.

fV ¿ I PREVI0US HIGI VOLTAC,E nIptJtSE

1ESTS ON TTTESE REI,AY COIIS

Hlgb vo3-tage f-rapulse ües$s lrere perfonred. by pÍoraeer Electrle
Llmited to establish the breakdo,r:n Íner:Lation leæl for the re].ay

eolSse Ï¡lhen the eolf.s were subjeeted to l$ by hO ürqn:J-ses, sígns of
{nsulatfon breekdorn tææ obser-ued. l¡e the mnge lr-? ltrr, (telS.ovollts),

and complete eollapse of the eolLs was noted Ln the rar€€ LCI-L5 ltro

lhe fefLure ínÅi-eations L:n the ,lr-? Iry" range aonsfsted of blgh fre_
quenoy ose:ïIlêt'íone at the beginn:ing of the cu*ent r,rarzeform, wt¡jJ.e

total fallr¡res rdÌere aecoÍpan5.ed by a co.Llapse of the voltage waveforms,

uma3"ly at the tjme when the app3"i.ed. voJ-tage had Just reached, peak va¡:Bo
.ê'fber total breakdown, the eoiJ.s seldom ¡rithstood, nore than 5 kn,

f:çu1se6 The ¡aost fr"eqrænt form of breaiedown of the eoïL l,¡as eitber
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j-:asulation faihrre between the coil ter¡nÍnals, or irisulation failure
behreen a layer of the fi:inding and. the coiL shelJ."

No technique I¡Ias arnailabl-e to d.etermiræ r^rhether per¡nånent faiL-
-rrres rrere forned at the completion of any port,íon of the testso but

the fact that the cofLs would withstand. Ímpulses up to 5 t<v" after
tqtal breakdowr i¡dicates that 1ow vo]-tage detection techniques nar

not be applicableu The exüent of the coj-L damage produced by the,

tests was detefllrined by disrentling and. urnrind.ing the coÍI"
The contact strength of the wire was tested, by overlapping two

píeces of wire and sub.iecting theír íntersection to a series of high

v'oltage Ímpurses, I{Iashor¡er oecurred at approrinately l_z kv", but the
soils were elpeeted to fail welL beLow this valueo since the poor

I'eehnique used for windtng the eoÍls wouLd weaken the insulatíon and.

Lnþensify the voLtage distributionu

ïv - rr HIGH v0l,?AGE rlqPIII"sE TEsrs PEBFORMEÐ DrJnrNG

r}TTS STIID]r ON T'hIO 22OO TüRN COTffi

r\¡o 2200'brrr,¡n coils were subjeeted to high voltage irpuloe teets
lrul oseillogra¡ffi T,rere recorded for both cc¡f,J.s þefocç and after ùhese

'ests by eaoh type of detecti.on methorl diseussed prerriouslye and, 1ator

'çmpared for diser"epaneies. Parbicular eaut,i"on wao ernpl.oyed to ma,intain

læ same ampS-ítude for" the deteetton ímpuJ"so for the j.rsitial and fi¡uL
soillegrams tç pennit a detaíled oonrparison betr,¡çen these osci11ogr.ams"

his dífficu}ty couLd, be overçone by assuming the behaviour of the cog"

Ínean fon EmalL rrariatíons in the input detecti"on impuLse and. norru*1"*

zing the results rlth respeat to the app1ied, vol"tageo The clrcuf.b
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CI = i-np¡t eapacltanee

tZ = outprt eapacitaræe

Bo = eunnent shu¡rb

R* = series resÍstanee

Rsh = shunt resístanCIø

Voltage oscilS"ogram r"eeonded aeross R*¡

Cumenb oseillogram reeorded aeross R^

ÎiÏGH VOITAGE T¡,FiTME APPANATT]S

FïGURE I+-1,
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dt"agran of the apparatus used for the higlr voltage tests fs l].luetrated.

in figprê l+-I (¡.eferenee Lh)o

the fírst colJ"e desfgreted coll" (l¿)u was subjeeted, to a sepies

of hlgh voltage {nprrlses r,*rlch i:aítiated at 2 þo, íncneased by p lffo
steps t{"I's B lwoe then by 1 tçv, steps tfu. r0 kvou at which ti¡e the

coll" faLled" A 3 &ff" firpuJ"se lraE then app3.Íed, successfuS.ly to the eoilg
hor+ever, the coåI" faiLed when the i-ryu1se Ìra,s i¡æ¡¡eased to 5 nro T¡lhen

the 3 h', l¡ÐuLse was reappLiedo the cos.J. agafn rríthsüood the fupul.seo

Sscf-Ltograms lllustrating these results are sho¡r¡o ln ff.gure b-z arrd b-S

forr voltage arut current 5rryu3"se wavefonns respeetfneþ, The set of

'¡'avefotms at the bsttom of the flgures tL1r¡strate the eordftlons before

;he esåL had fail"edg thoee at tt¡e eenter lLlustrate t*¡e waveform.ø Just
æfore and during failr¡re at the 1"0 kv, lere].g and those at the top

lLlustrate fallure at the 5 kv, Lev,elo The eurre¡¡ù arxl voltage ¡ravrefomrs

rf fígures I+-2 a¡rd þ-] eorresporuù dlreeüLyo

l{hen the co5.l" was r:rm'round,, busnù partfeLes and, earbon dr¡sü were

lound arour¡d the tr¡rns at the end of the firsÈ thnee Lalærso lhe yo1Èagp

tnobabþ fl¿shed flom thfs poÍnt in the wfndÍng to the J.ow pøüenüÍeL eoj.L

enrd.nal"r Ttæ t¡1pe of permarient faf}¡re that renra{æd Ín the eoiL was

stÍnated fron the results of the deteeti.on tests, iLlustreted ín the

espective sueceedfrrg ehapters of the various deteetion testso to @on-

i-sÈ of a n¡mber of turns ín oæn or posslbly aLr threen Layerso

A seeond coi1, designatod. coil (5)p @s subjeeted, to a sertes of
imfLar hfgh tupuJ.se tests, bÌrb díd. not eo].lapse unt$.r a 15 h" irpuSse

rs appJ"led to the coåf.. The voLtage !fias redueed to 3 kro,a and then

re¡^eased by J. krn" Í¡rerements tÍLl" breakdøy¡¡g however, unJ.lke the gil¡st
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-3 kv" appl"ied vo3-tage 5-tttpu.lse

-chopped 5 tt"¡" vsltage inçnLse
due to eoil" faÍluie

-9 hr" appLied voltage imP'lse
-,ehopped 10 k\r, voltage 5r,rpuLse

due to coÍi" failure

-\o 6 and B kr, vo1tage iltpulse
i'¡-aveforrns before coiL faíltrna

I"TfITTRE lr-Ê

-3 krvo turrozrt' impu1se
-airopped e'trrrent due to ooiL

fal-iure rnrhen ! laro vo'l-tage
impuì-se appn-ied

-Í:u-rrenÈ inpuJ-se for 9 lcr, voltage
impulse

-choppecl. c'urren't, due to coi.L
failure when Lû lrr"o voltagc

Ímpul"se app3.íed

-ollfr€flt waveforrns correspond:irg
tci ebove ,h,e 6 and. B lfl¡o vÐltage

funpul"seo

FIGUTE h-3

VOLTAGE JIND CURRENT OSCTT;LOGRAI4S FÐR I{TGH VOTTAGE

TMPT]TSE STRESS ON FTRST COTI

Ali. oseil-Logr'&m,s hs{ve e suröÊp speed, of 20 usçCIo/tmô
Positåvc¡ po'üentiai measuse'å cioürnrnlardo
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@o11", this eofl dtd r¡ot faÍ} r¡ntí1" a r.2 kv" Srqpu].se rû.as reaehed,o Thfs
pro,eedr:reu begÍmÍng with the 3 ku, fr,puJ.se, had to be repated. a coue
slderable r¡unber of trrnes before fairr¡re eourd be attaiæd, by a 5 I.r"
iJFuLse' trIrrbher repetåtlo¡a of 3 lcro and h ¡g* impu1.ses wouLd not 1ower
this breakdown potentiaJ.o :

fiLgures J+-& end h-5 inustrate the r¡oltage and, curr.ent war¡efonns
before arat d'ning'*q'!n faÍr'oeo The two eurrent ¡raveforms shørm at ühe
o-ottom of fig¡rre þ5 ¿uustrate the er¡rrenb before the coi.l þ¿fl s'"îTepsed

' rf,rdê? a high vortage $-mpul'se6 The eenter f.Llustæetíon eomesponds to the
1l+ ]ry" voltage jry,ulse shamrr¡ 5¡r flgure h-¿s, The curreub r,ravefome

$.lh¡stratfurg eoil faflrrre 5.n frgure þ-$, conresponds to the voltage so*vÞ-
form at the eenter of 

,figure i=U*9.-nUr.*rrsen the t¡uo rernairuing wavefonrne

eorresponÍo

'a eurrent æveforrn Ìüas Tec@rded at two oselLloseope süreep speede
for e h ho furpuJ.se, at the stage when the cofå requfred an Í.nryu1se of
7 llo for breakdo¡rr¡o The fírst oseåLJ.ograrn, figwe h= 6 ¡ ir.r.ustraÈes
the eurrnent wavefor¡r¡ foæ e f;Jneep speed,, of r0 useeo,/emo ,and the seeond
oselJ-].ogram i.l"r-ustrrates this sanÉ Ìravefo¡mr at å, s*reep speed of 5o useeo/emo
as süated' 1n thc pretcous seetion, the lnftfar oseÍLlation at the begf.natng
¡f the eurrent wavefomt is beLleved to aeÈ as e feul"t deteetor durS.ng hfgh
roltage tesüso but r¡o flirÈher Lnfor:m,ti(on was obtaír*ed duæfng this stu.ff
)eeause there were no nore eofls avaj-lebLe,

hlhen the eoi.L luas r¡ru'rou¡rd the o@y slgns of dan:age were burr¡t spots
rn the edges of both eoåI termånaLs and a 3.ight spninktÍng of earbo¡c ùrsü
rn the top layer betwee¡¡ and reer the eofl termir¡also ït appeared^ that
he fupuJ"se curreub fr,ashed betr,rcen the eoil tennrnarsu
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lt*o t¡rpes of coåL failrlre were produced by these high voltage

tests" The first t¡rpe, l¡ùicated þ eo13. (h), was a nl-nor failure in
the colllrindfr€ whích r¡or:-l.d undoubtedþ e¡rbend to Sayer faílures arrd,

eæntualJy progress to adjaeenb J.ayers with futher applied f-lrytrlsesu

untíL the cofl" was corpleteþ ínoperaüive at low voltageso the seeond

typo of faJAu:neu ir¡dicated þ eol3. (l)u wontd develop slo¡er tlr¿n the

first t¡æeø but eventuaJry ¡,¡ouLd carbonlze a path between the eol.L

terraiæaLs st¡ffíeÍenå to shorb tbe eoiS even at Low voltageso The coiL

coul"d probabþ be pruteeted from thls l¿tter t¡>e of fallrrre ry e spark

gap placed. betrøeen the eoLl. termtnaLs"



3 kv, voltage imPulse after
first coi} fai-lr¿re
2 tcç"/cn" *1" deflo

ehopped voltage Í:nPul"se during
first eoí1 failure
2 t6ço/emo r¡erto defio

$ lcrro urltage ímpu]-se befi'¡z"e
first colÏ failure
5 ksr,/em.'vêrb' defLo

vo'Itage wavefoz'ms

FTGTTNE Ì+-!+

eurxent -wav'eforms du.ring and.
after first eoil failure
5 v'o\\s/c¡no vert,o defL,

current t¡a,veform correspondln'g
to vo3-ta,ge i:npuLse at bob'bcim
,rf fim.rre i.r=h

5 vo'l"ts/,¡¡tlo vËr"t,o d'oflo

çurrariti uavefor'¡,tE bcfçre
fj-ret cci.& faålusw
5 v<ll.ta¿lemnr vêr$n defll.n

'roÏ-tage rnravefqrmP

FIG'URE h*.F

HJGH VOITAGE P{FUT,SE T]1$T RESIIT.IS

JlLl- oseillll'nglamn heï'e a 20 unet:u,/olTle Ëir¡Êep iipeeclo

Po,s ù,tive pc'ù ent,:ì.ail" measu'Ted cl'çwrwta,t'do
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Crrrrent wavefor:nr for
a lr lnrn 1å uy bo

higå. voltage irryulse
f/cm. v¿rbo defLo

l0 usec"/crn€ srreep speed

Gu::'ent waveforga for
a L kiv,, IÈ ¡y ho

hí-gh voLtage impuLse
f/em" rert, déf1",

50 useeo/cmô streep speed

OURRENT TüÂVEFORM DURTNG HÏGIÍ VOTTAGE TESTS

FTGÜRE h-6



CHAgiM V

EXPENI}MI'A' NESÜT,TS FOB ?HE VOLTAGE OSC''TOGRAI{

FAULT DETECTTON }@IT{OD

v - I Fr'cr0Rs co.'iERNTNG sEi{srrr\rrrr oF DETEcrrON

The output voltage i:npurse, 8", from the rrçuLse Generator sirmrl_
ator can be used to detect coj-L failure because the dfscharge rate of the
cutput capacítor of the generator pulse-formfng network is affected by
:hanges Ín the coÍl Ímpedance" The sensitlnity of thís method was found,
:o depend on the equfuralent circuít of the si¡¡rl¿tor, on the r¡a1ue of the
ratrneitor in the circuit, and. on the shape of the irçulse voltage across
;he terminaLs of the cofr., These effects were stud,ied. and, pertineub
'esults are Ílluetrated ln fÍgures S_Z to.$*7o The three wayeforrns tn
hese fig'rres are a*anged as forrouse the top waveform represents the
utpub Toltage rithout the eoilg the second. and. third.,"*ior* íLlustrate
he output voltage for the coiL ¡rith the armature core ín the coiL sheLL
nd removed respecti*r.y* rlnp'lse r,raveforms for boüh circuít,s were
ciusted to yield the prescrfbed shape when the aznatr:re core was placed.
a the eoil sheLL and the coiL ¡vas conræcted. across the generaf,,.p !s1s-
@lso

Tbe ïrpurse Gererator sÍrmrlator caa apply an rmpuLse voltage to
re termin¿Ls of the coir. by eíther of the circuits shor,rn in fígr¡re 5_r.n
'a combination of these circuits, The voltage raaveform produced, by the
reuÍt of fÍgure 5-1a r'ras found' to be mor€ susceptibl.e to changes in aofL
q:edance than the waveformr from circuit 5_l¡u since the former cireutt
cluding the coiL has a higher output Ínpedanceo Elgu¡ee 5_5_and 5-6
lustrate thís differ"ence betl¡'een the two circuitso
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c2

E@
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e f¡Ðr¡t eapacftånee

Ë ff¡flnrå, eapacitane@

€@ outptrb frnpu3se voS.tage

6 eurrerrb shr¡¡¡t

, :Jt*tl us-ea-ff I'e Chapter W
_l

FTGUBE 5-3b 
::,, ,.

Rs * series resistanoe

- IÌs5 e shunrt resfstanoe

, Ee * eapaeftoæ supplly voltage

ï1 *, outpub Load (rqtay eof.J.)

TIGUnE 5-x

EQTIUST,EßTT CInCUTTS FÐR ÏT{PÏjLSE SIMUIJ,TON EÐüMATOR

AND TEST P]ECE

Bsh ltr Eo

rIGnnE 5-%
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The amou¡rt, of dísto¡Èion i-n tbe oubput f4ulse for an inpedaræe

change ln the colL ¡aas found, to depend on the value of the eapacitors

used i¡ the generetsr cirreulte that ise on the enerry arr¿lJ-ab1e from

the generator" ComparÍson of figure 5*Z for C1 eqnal to 0,121+ nf.
(microfarads) an¿ fignre 5-5 ger C1 eeua*L to O"Z5 uf, showed that a
larger defleetion in the oubpub ¡raveform oecurred, with the sralLer

fJlpub capacitor" The sa¡æ effeeÈ on the rcl-tage r,naveshape by the out-
put capacitor fs {l.lustrated, for a f} by 200 ly.ave by eouqparing fÍgr¡re 5-3

for C2 equal to 0,01 '¡f, to figure 5-h gor C2 equal to Oo]-l- uf, A

sinlLav result Ís l3Lr¡strated for a råuy'h0 r,aar¡e þ figures S-i and" !-7,
Thereforeu if the e¡ærry leve3 åe lnereased across the eoll- ternd.nalse ¡5r

eíther G1 or G2o bhe veriation fn the l4r:l"se vrol-tage for chaages f¡¡ the

eofJ" irapedanee shor:Id be redueeda Capaeitor Ct had a gneater effect on

the s ensÍtívity of the firyr:llse than capaefüor C2r siræe the reduetÍon of
the d':isto:rbf-on tn the inprrlse war¡efor.m when %- ** doubLed. lfas approxinately

equiv-alent to the change when C2 was l¡ereased, by tenfoldo It was found,

that a gerærator eapaeåtor þss than abouü 0oO5 î¡fo was impraeticaL beeause

suecessilre 5lpuLse lrarefomrns rære not identieaL"

TLre deteetion sensitívity ¡uas aLso eontrol-Led by the fuqguLse T{EITEø

ehape across the eol.l" Èennånals' A ].t by irO wave sho¡,red less deviatÍon

fton the unfaì¡lted wavefonn than a 1å h,y 200 ¡,mne for ídenüieal irput
and outptrt circult eapaef-tors, sSreæ the eolL Smpedanee affects the deeay

of flæ'c?rørgø"'oa the output capaeítoro fhese waveforme are fl"lueÈrated,

frr fígUres 5-2 and 5-3n S.ïræe detection of faÍLures depended, on sensf_ng

a narÍatåoa L¡n the taÍl of the applLled fmpul-se, the L$ by 200 fmpgJ.se shouLd.

prove to be better for faiLure deteetfon than the L$ by l+o f:qnrlseo
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Ï'TÍIÌTPR (-2
¿*vv¡e / F

cireuÍt of fígr:re 6-J*
1å ¡y ho impuises

C- = 0"121+ ufo
JL

CA = 0"01 uf"

TTGUnE 5-3

ei::euit of figure 6-iL*
1å ¡y 200 impulses

g, = Qoi2h ufo
J.

C, = 0o01 ufo

FIGURE 5-l+

eir-euit of figure 6'I"-
1'å by 200 impulses -

tl * 0"12h ufo
C2 ' Ooj.J uf''

FIGURE 5*5

cfrçuit of fígure 6-J-o
1È by h0 i¡npulses

CO ," 0o2$ ufo

C2 = 0o01 ufo

OIITPUT N\fi)ULSE \rIAVEFORI,Ë FOR NO LOAÐp COT[' hIITH CONE TN' A}J;ì)

COIL I^II']H CoAE OUT nF,SPECTIVgIT I'ROM TOP T0 B0[T0M

AI"1 oscillograng have a ï€Ttc deft* of L00 vo3"ts,/emn and a ffifleep

ñpeed of ?0 use@e/Çsno
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The test results cited in the folrow.Íng section are obtai4ed
fþola voltage studies for si:n¡lated. per^marænt failrr:nes rnade on three
tapped rel¿y coiJ.s, and, ind,lcate the capabi].tties and Ll¡aitatíons of
the voLtage oscíllogram fault detection næühodo

V - II TESTS 0N C0IIS üJ.IIH CONTROT-,TE'Ð FAULTS

these tesÈs wene perfonræd to study Èhe .ístortfon fn the r.o¡r
voJ'tage frpulse for varLous sf:mrlated, permanenrb faiLunes, The foLLor¡-
íng three cofLs lrere used for the : testsc

(L) 22oo turn tapped. cotl_u

ß) 2200 ùurn untapped, coi.I.,

Arthough osciS'J'ograrns are included i¡, eaeh sectlon èo fLrustrate
perbirent pofntsu a ru¡¡nber of osci.llograns are eneLosed fn AppendÍs rr6n

for added rroferer¡so, aloug with a table Låsting the tap eomblnations used,
for eaeh illustration and. a tabr.e eonpnÍ'g ail. the tested tap eonbra_
ations for eoÍr.s (r) an¿ (a), w-¿tr¡ theír respective síze e4pressed as
bhe rumber of tr¡rns affeeted, a'd, the percen-Þage of the totar. wr'dfng
imolvedo

v - rrr T'srs 
'ER''RMED 

oN A TA'FED zz0o ruRN corï,

The wiadtng sùructræe of this coil. r.s r.llustrated, tn frgure 3,h(a)
¡d a Llst of tapped, tr:ms le conùairæd o¡r page Ð+o

gH&emlrq!lmrpr4qe_" The gerærator was Eet to eorrespond, to
he efreuit' sho¡sn fn ffgure j-*(a)B and the cfrauíÈ paralræters Tne$s

dJusted to the followirq valueÉs c1 = o'ï2¡r r¡f"¡ % - 7lr. ohrne" % = hio ohn'oo
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and c2 * 0n0L uf. These seÈtlngs for the generator yleLded e Iå ¡y ho

frqpuLse aer@ss the coÍL ter¿ninal ¡rhen no taps tnere shorted and tho

arnature eorG Tüas pJaeed, 'lnside Èhe coj] shelLo The ÍrryriJ.se fras appJ"ied,

ùo ùerminal" tnro of Èbe eof.lu ald ternir¡aL one wee grounded. direcüþ to
Èhe generatono

Ï:n aLl" oseÍL1ograms the to¡l wavefor:nr fLlustrates the lmpul-se

&eross the eoS.l" lù.en ¡¡o faf&rre was si¡nrlated., i,rhi.3.e the rernalni-ng

i¡avefor"me represent typícaT. faih¡res si-rmrl¿ted, by shorêing speeiffe

taps* For l¡stanae, the eeeond. wave in f{græe 5-B S.tlusÈrates the

reduction ån the tail" of the uave formed when taps L anc p ¡,rere

cor¡ræcted to sÍm¡Late a Jayer faurt, ínvolvJng pCIp turos or g16 of the

niJ¡dirigo

Distortioræ produeed j:a the voLtage wave þ a sfmulated, fault
affeeting approxímateþ gi¿ of the wf-rid.ingn sueh as the seeond, wave jn
ffgures 5-8 and 5-:.0, lndtcated that deteetLon of }ayer-to-Layer faulte
uras independent of the ¡losttf.on al.orqg the wíndirgo The resqlting ware-

foms were sr¡ffåeíentþ dfstorbed ttrat layer-to-Iayer failuree shouLd

be easíþ deteetedo

as the percentage of the wÍndl-ng fairuree ¡uas i¡creasedn the .

bail" of the wave ræs redueed untlJ.u when about iOîé of the wlrd,irg was

rffectedr the. tafL tuas e,l¡þst tota]Jy nemoved and. the Le,tter par* of
¡he I'rar¡e'developed a simnreoLdal eorrponeut,, In El-T cases, the lnftLe3.

d.ee l¡as r¡¡affeeted., tx¡t the amplltude of the appJ.led fmp1¡Jse ïúês redueedo

Although falkæes fnvolving Lees tiresÀ 9,5% øf the wj.ndtng lrero

of tested, it appeers from a eorparfson of slr¡uLated fei1r¡res of vaniow
aguftude thaü a 1"21 fail,r¡re my possfbþ be deteeted, fzrcm voltege
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FIGURÐ 5-6

sirçuit of fÍzure 6-1*
1È by i+o ¡mputsee u

Cl ' 0"25 ufo

C, * o'01- ufo

FÍGIJnE 5-8

rå' ¡y l+o impurse for no fall"ure
9o6, 20,21"8 and 3h,h percent

faflnree respectfvely

Figures 5-6 and 5-7 dispfay outprrt ¡vaveforms

E"rrÏTRTì (.?

cÍreuit of fizure 6-t-
1å by ho :¡nñutses ë'

C, * 0.25 uf o

C^ ' 0o0i+ ufo
z

FIffiIruÏ $-9

1å ny l+O irnpufse for no faflu.re
29n9a 39,9s h2"5 and 5?"3 pereent

fal'Jrrrere respeetlveþ

.{I11" oEclllograms have e verto deflo of 100 volte/omo
and e srüeep speed of 20 ueeeo/cmo
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oselLLogranso cotçarlson of the d.Ístorted. voltage lra.veforms for 20fr

and ZL"B% faíluresu sho¡rn as the thfud and. four-bh ¡øaveforms r.espeetiveþ
in figure Þ8, fLlustrates that an j:rerease of L"B% ia the Hinding
faÍ}rre resulted in a defÍ¡ite inerease in the dlstortion of the inpuJ-se

wavefonno oùher comparisons" sueh as the third and. fourth waveforms Ín
f,igure 5-9n tnAieate that wlndírg faÍItæes involving 3% of the wíndÍrg
shouLd prod'ee a defÍnite d,efom:ation in the appl.ied i-rçuJ.se, trüheu

oscillogranrc were eompared, for faírures which differed. by onJy abouÈ

o"251[s the dífferenee betr,ueen the ¡savefor¡üs ?ras cLifflcult to ohserre,
The sensitÍrrity of the test is eonsidered further ín the seetíon for
eoíL (3),

sinee the ÈesÈs perfonæd, fn eeetfon v * r hd.teeted, that
deteetíon sensiÈirråty shouLd. depend. on the shape of the Írçu1se uavrefonu,
a 1å by 200 i¡4pïil"se rùas apptied across the eofr termlnaî.so

Ë g _2gg appJ=Í.eg 
^ryrpq¿F€.,

irpuJ.se gerærator were ehanged to:
Rsh * 2200 ohns, and CA o OoI uf,

An increase in seneåtirrity for the r_å u,y 200 rraveo \¡ersus the $
by hO w&vee ie shsnr¿ by a conparison of thþ 9"6% fallure ind.leatj.on of
figtrres 5-L and 5-r.0' fhe r$ by 200 irpu].se results fn a greater d:is_
L'ortion in the tai3 of the waveu and, a r"øoer peatr amplftudeo This
Lndieatíon T'ras sÍ¡rll"ar for aLL sf¡rn¡Lated. la¡¡er faíruræe:ranrined.o im@-
3ardless of their positiren wÍt,hfn the cof1, As the peneentage of ttre
roiL inmolved ln the failures was Lnereased, ín magnitr¿de, the taíL of
;he frryulse decreased accordingril¡ deveJ.opfng a efnueordal. shape onhe¡¡

The r¡a1ues of the parameters of the

CL = 0,12¡¡ rrfor n* . b7 otrns,
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app$trcirra'Lelry 35i6 of the tråndirg was shorbecLo Againo the iaitÍ¿L råse
was r¡naffeetedu but the peak anplitude wa,s redueed,o

A]-though the ¡ravefor"m for these tesËs was produced with ê gêh*_
rator output capaaÍtor of o,Lr ufop the resulte indÍcated, that an increase
'ar 0o6% 5n the ffindlng failure prociuced a deflnÍte j¡creaea in the dis-
Èor.bion sf the eument mavefoi:ru The deteatåoil seræitivity for this
iraveform i's e¡e'mj-ned l"urLtrer" fn geetion v - v fon a srsLf.er output gêÍl€-
rator eapaeÍtoro

; V - TV TESTS PEBFORMED ON A TAPPED hPOO T.]RN COÏü

The v¡-r-ndr"erg str:ueture of this coir" r,ree il"rustrated rn ffgure þg(b)
;nd a Ltst of tapped turns i,s gfven on page il4o

The detecùisn sensåtifåty vras ¡"educed eonsÍdebabþ for the teet,s on
'his coi]'5 thfs reduetisn ea¡i be attrlbuted. to the i¡creased geræq6,tor out-
ut eapaeitor "¿secr durång the -Òests, aud, to the rrcreased irrpedaned of
he coå3. cernparæd to that for üre 2200 tmm eo$'}o

Ë W m Freg -Ðæg&se, The w,rue of the genemtor" parameteno

,,or the eireui.t show¡r in f$.gure F-l(a) rrËrea G1 = g"p$ ufne R8 * ?h ohrnsu.

',sh 
* tr+30 oiunsu and' 0a * 0o03 ufo The teEte were performed aE deçcrf.bed

, o seeti.on V - ITI of this chapteru

The Sayer-üo-r,ayer fairuren approrånÈþew.v"TïÍã of the r.trindi.ng for
l: ris €olL, sfia$ easåþ deteeted and. fndepe¡:dent of tl¿e Locatj-on of the
,lrult w"itl¡ln the wÍnètngo .An lLl-ustraU.om øf a V.gSØ getkrre is eho¡ma j.n

'gur'e 5-1"6o The reductio¡l f-n deteetlon sensùti.vlty for slnml¿ted 1e¡rer

'il'*es fn the haoo tr:sr eoi"r. ean be seon by eomparång ffgure E-r.6 and
gr*e 5-8" The results for a r.6"s erad p6o5 peroent failure are shown i.n
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fIGUnE 5-30

1å Uy IrO impufse for no faåluren
9@6e 2}r3a aryl 51"2 percenrb 

-

faåIu¡es respeetíreþ

FIGÜnE 5-l,L

få ry 200 tuapulse for no failure,
9"6Ð ãAs and 3b,b pereent

faílu¡es respectíve1y

FTGURE 5-L2

1å Uy 2Oo tryrr.Lse for no failuren
29"9s 39"hs and' 52,3 pereent

fai-ïures respeetíveþ

FTGURE 5-L3

1å ¡y 2OO iqpuLse for rro faifu¡re
and B"B perceub

faÍlureE respectiveþ

DïST0RTIoN IN oUTPUT VOLTAGE I'IAIEIORM FoR FAULTS SIMUIATED

OXI A 2AOO-T.IIRN COTT,

.&11" oseiL"Logram"s har¡e a ^vertu defLo of 1"00 wlts/eno Eigure 5-10
rs a sereep spee.d of 2O usecs,/em. whÍ1e the remafning fígures have a
reep speed of 50 usees"/crn,
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figrre 5-!7, .ån B-ùr¡rn, or 0o195f,u ta¡|¡ve Ís llrustrated in fÍgure

5-1tr ar¡d dld not show aq¡r distortlon 1a ttre voltage waveshalæo A

7.68î¿ fal}¡re Ís corçared to a B,O5% fallure 1n figune 5-15 and

fÏLust¡ates a sllght i¡crease in the distortlon of the irpulse dr:rlng

þtle 8"051¿ faih¡re"

The 1ryu1se voltage ms applLed to terîÉnaI oræ of the coLL and.

the results dieclosed that the dÍetortíons fn the voltage Jnpulse for
la'ær falluree were ldentloaL to thoee obsefired when the ooll was

exclted tbrough termilæl two*

gå ¡U $ aeelle¡d -lmculse.n The generator parameters were eet, at
the followfng valuesr C1 o 0u25 ufo, Rs . 19 oh¡rs¡ Reh - 2391ohrno,

and C2 ' 0'05 uf,

Tlte wavefor'¡n could nót be forrned wtth a sneLl€r lnprrb oapacfton

and, ao a result, the detectfon eensltivlty nas not firprorred þ uoe of
the trorger lrqpuLseu

Deteotablllty ls dernonstrated fn flgures 5*18 and í-Lg fov feiL-
uree of 0.19 ar¡d 7o5 perce¡¡b of the coll wJ-ndfngu Th.6¡,,., osclllograrns

were forned by superimposÍng ttre waveforme of the u¡rfautted col-L rrith
the one obtained wben the coil ¡uas faurtedo Ttrls rnethod was not as

accurate as photographing both ¡rar¡es on the sarna fllm, although ín the

actuaL test for faiLure, superlrnpositlon of osciLLograms ruould, be

requiredu Íh¡e A"l9% faf}¡re r,ras not detectable, whereas tine T,Ëft fafL-
irre prrcduced approxirnate3y the sa¡e dfstortlon in the impulse test rmave-

Porm as ¡ras observed for the $ by l+O impulseo
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trTCÜAE 5-11¿

rå uy ho rmzurse for no failure
and 0"195 pereent

fallure respectlvely

FÍGUru 5-15

1È by hO frzpr¡fEe for no fallure
7.68s and 8,05 percent
fafhrres respectlveþ

FIGURE l-17

$ b[r b0 lrnzuLee for no faÍlure
L6"5s anå 26.5 pereent
faffu¡:ree neepeot{vcly

FIGUfiE l-1$

1å by ho rmzureE for no fal}¡re
and 7u95 peroent

fellure respeotlveþ

ÐETORÎICN IN OUTPUT VOtTAerE ldAIEFOnM FOR SIMIIIATEÐ nAmURffi

on A l+2æ TUm{ COm,,

Alå osetLlogra,$¡É have a verb, deflL, of L00 volts/am, and a sweep
eed, of 10 useoor/oroo
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å Þ¿ æ appLÍed. i¡ryulseo The æperalor uas reset usr-ng the

sa¡ne circuit capacitors as ¡üÞre used to yreld the Lå by 3oo Írryulse,

Figr:res 6-20 and,6-21 cohtafn lLlustrations of 0o19 and 7,5 percenb

faílureso The reductlgn Ín the i¡1se tl¡rs of the applled inrpglse ùid,

not appear to ¡eke arqr usual d.ffference on failure detection, and, there
appeared to be no irrproverær¡b over the $ by, 3oo inçulse,

v- o*o; 
#;il:îï:"'ffi:'jN'0'v** 

oNrY

For tbe tests a 1$ ty 2oo i¡Fulseo pro<lueed fron a 1o,r capa-

citance cfrcuit, was appJ.ied, across the terrÉnars of the cotln The

generator vaniabLes were affusted, to yleld: CL = 0"l2l+ ufo,, R" - hT obmsu

Rsh ' ?200 oh¡nss æd C, . 0a0J. ufo The outer lalner of the coil was

erryosed' by renoving'the protectíve tapand" , ínsulation off the wire

to lnsure good eontact"

Systenatåc shorts, begfuurlrg ¡rith two ad.jacent turnis, rrÞ1.€ pro-
duced and the ¡'raveform for the fai¡Ited, and. unfaulted r^rindlng photogr"aphed

on one oscíllogranro The devfetlon fo::med. by shorbing three adjaeent

turns eould be deteeted on the osoìJ.Loscopo, Í-f carefirlly e:ranrÍned, brrt

Has ùtffíeult to reprodueo on the oseiLlogrram" Thls faflur¡e is lllus-
brated fn fígure $-ZZs and ff ùhe inltfal porùions of these waveforras

are adjusted properlffr a distortion ean be seen in the taiL of the
nravefoml" The results for several Jarger faíIures are sho¡wr ln the

rcnainÍng figures ar¡d lndicate that failur"es of approxineteþ 0"3É r¡ere

Ietectable as pr"edieted bry the earlier tests.
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FTG1IRE 5-L8

1å' Ur 300 i-ûTgulse for no faih¡re
and 0"19 pæeent

fallure respeetiveþ

fltcÏJffi 5-20

3 bãr 359 ÍrnpuJ.se for no failure
and 0"1"9 pereent,

failure respeetiveLy

FIC'URE l-19

Lt bBt 300 fmpulge for no faflure
and. ?o5 peroent

fatlure respectiveþ

EIGUHE l-21

3 by 350 turyrl"se for no faílure
and ?"5 pereent

failure respeetively

Ð6TOR[1ON TO OUTPUT VOIT¿.GE IdA\TEFORM FOR SIMUI,ATEÐ EITTURE

ON A h2OO TURN COTü

- ALl oseillograros hÂve a vert,, d,efLo of L@ volts/em" and a slñÐep
lpeed, of 50 usee"/cm*
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FTGURE 5í,.22

1å ¡y 200 Ímpulse for no failure
and a 3-turn failure

respectivelY

FIGURE l'2h

få ¡y 200 impulse for no failt¡re
and a 15*turn failure

resPectineþ

FIGTIRE 5f23

få uy 200 iætlse for no fai-lure
and a ?-turn failure

resPeetivelY

FTGIIEE 5-25

få ¡y 2oO ímpìrlse for no failure
and a Z5-turn faåIw'e

respeetlvelY

ÐISTORTTONS TN OUTPT]T VOITAGE }'TAVEFORM FOR COTI 1üTNDTNG EATIURES

All oseillograms have a vert* deflu of 100 volts/enn and a sweep

speed of 5o usec,/cmo
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v - vr rESTs 0N cor'" FAT'I'ED By H'GH vorrac' T'srs

The vortage oscflrogran faurt detectr.on technf.que far_led, cor¿-
pleteþ to indÍcate that the cofl had falr.ed durrng the high voltage
tests. Oscflaogra¡ns taken before and after. the, hlgh voltage tests
on coL], (h) are sho¡y¡r fn figure a 5-e6 and. !-27 for the få fy t+O

detectioa lmpulse and fn figures 5-ZB and S-29 for t,he Iå by 200
deteetfoa fimpulse" Both lnptrlses ïüere gererated ¡rith a l.,r gerærator
oapacfton' Although carbon partlcr,as befurcen a number of turns fü the
nrndl¡g were found when the coll r¡as exarnlned, these res..,lts couLd, be
lnterpreted to mean efther that a pernlaner¡t feflure did not re¡ein
afber ttre' testoe sr ilret the fallure wa6 too smarl to be deteoted,
ïf a permanent f¿*ure did result, the teets performed on ernnrr.ated
fall''es r,rourd suggest that the felr're wou'd nst ínvof,ve mo'e than
about får¡e turnso To su:rmraniuee the , testE lnd,lcated that the cotl
rnínårn'g eon¡r.d fErl uithout the fef.h¡re bexng deteoted by the voltegø
0oefllogran Aault Deteeüfon }bthod,
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TTGUnE 5-26

1å ¡v ho rmpurse
voltage across terminals

of untested coll

FIGURE l-28

l-t by 2oO ínprri.se
voJ.tage aeross ternÉnals

of unùested coiL

OSCffiTOGRANF FOR VOTTAGE

AlL oseil*lograms have a verto

HIGUITE $-27

rå by l+o iÍpr¡-tse
voltage across termi¡als

of tested eoiJ"

FTGURE $-29

få uy 200 f.nEr3.se
voltage açrÐ$s termi.nals

of tested, ççåL

N,IPUT'SE DETEOTTON }MTHOD

defl, of L00 voltç/cm" and a sweep
peed of 20 useeo,/cm* Poçitive potential neasured dotvul'oardn
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MPMTT,IMITAT RESTÍTTS T'OB THE CURRÐüT OSCTLIOGRAM

FAULT DETECTION MET¡TOD

thls s¡rstetl ItE¿y be represented by one of the equlval.enb eircuits
shom in ftgr:re 5-1, exeept that a currerrb shurt rs required r.n tbe
ground lead of the coll circurt" TTro resistíve shunbs" of l5l"o ohms,

and L5.1 ohms respecüivelye luer:e used. during the tests to illustrate
the effect of the shunt size on detect,lon seRsltivfty, Both resietors
were for:nd, to be fbee of reactlve colryorenüs t,o a fr"eqræncy of 1"g

raegacrycLeso but courd not be cheeked beyond this freqr:eney" The capa-

sftors used in the reslstor-oapacltor skurb combfnatíonsr were assumed

bo be of their rornlnaL value' lbe voLtage observed, aeross thís shunt

is a ræasure of the coil current and, the deteetÍon of faíIure by obserrc-

atlon of ùhis voltage is called. the currenb oscÍLlogrltùm fault deteetLoa

nethod.

'ü"f - I TESÎS 0N COII.S IüITH CONrB0r,T,r:D FAIITTS

lbe sensitfu{ty of the eurnrent rvavefo¡ïs to pernanent fai}¡.es
-n the coÍl wind5.:ng was obsen¡ed from si:m¡Lated fairwes on the træee

roíls used for the tests in the previous chaptero although perafuienü

'scfüoglams a"e Ítlustrated, i¡t each seetion, addítiorel osclllogranæ

're fncluded in Appendfuc rtDrr, arong with a tabLe speei:ffing the tap
:

otttbl¡ations used for each si-mrlated fau}t" Refer to Appendfx rCtr for
table speclffing the size of the si¡nrLated fallures resulting from

ho tap eornbinations on eofl,s(l) an¿ (e)"
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vr - rr rESTs prnron¡mn 0N A TAppED 2zoo rtRN coïl

få gf þ aepLíed j¡æuLseo OscflJ.ograrns Ìüere r€corded ¡rith a

verbical defleetfon of Lo volts/cn. and. a srreep speed. of 20 useeo/crno

rhe nragnitude and' location of the coil failure had. a greater i¡f1ue¡æe

on the cuffent, waveshape than on the corrrrlsponding voltage ruar¡eformo

Ïlhereas the distorbion j¡r the voltage lmpulse was aLmost Ídenùica1 for
all failures ím¡'olving the sane percenÈage of the wiruiíng, the crrrrent
ruarreshape behaved fn a more eonrplicated fashlono Ttrfs d.lffereræe i¡
the waveshape for layer faÍlures is evidenb by comparirg the 9% faiJvve
shor¡n i¡ figur"es 6-L and 6-2 for a l¿]rer r¡ear the surface to figr:re 6-l
for a larer near the center of the coiLo The wavefo::rn shorn in flgure
6-3 nad a longer rÍse tfure, snaller peak, ar¡d a greater taíJ. þeight.
fhís properby ls not pecuJ.iar to layer fal}rres, but affects t¡ro a¡ld,

three Tayer faÍlures 1n the sare ÍEru¡er' lbis is ÍLlustrated by com-

paring the upper waveforms 1n figures 6-L and.6-2 to the vraveform ir¡
figr:re 6-l+' t?re latter war¡efos-û was smaLLer ar¡d broader than the first
twoo EspeeiaS.þ obråous r,¡as the faet that the wavefom for a two-layer
failure dÍd noÈ differ greatly from a síngle-3ayer faÍrr¡re ræar the center
of the cotL in corqgaríson to the striklng dÍJfereræe between these t¡ro
failures rùen they invorved Sayers near the surfaeeo

The indÍeations for layer fallwes for the current oselJJograrn

net'hod ldere more obvious and. convíneing than those durfng sÍ¡nilar tests
:

'ty Èhe vortage oseilT.ogram teehnlqueo comparison of flgur.es 6-3 and

í-8 BriL1 ererçLlfþ thÍs obserrrationo

To determiræ the effect of the appS.ied impulse voltage wavefomr
,n th€ eurrent detectfon teehnfqr:e, tests r,rere erbended to a t$ uy aoo

npulseo
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20 vseeo/emo súeepg L0v/cm" defL"

FIGURE 6-1

1å uy l+o c'tir:eent irrpul"se
1"r"fiüer - no failure
cent,er - failure of g.B5% of wd.go
upper - faflure of 20o2% of wdso

20 useeo/emo ñreepg il0vy'em, defl,o

FTGURE 6-j

:"å Uf h0 eurrenb åmpuï.se
lowen - no fþifurre
ì]pper - faÍlure of 9"5/" of wdg"

20 r:sec"/cmo sÌüeepi lffem" det"Iu

FIGURE 6-2

lå Uy ho eu:ment, ÍrnpuJ.se
l"ower - no failure
eenter - failure af 9"6% of n,dg"
upper - faifure of 20"8% of wdg"
peak of faílure of 2B/" of wdgo

2A useeo/ema sweepg Lôv/em, aief'ïo

FTGITRE ó-h.

lå ¡y ho curr^err*b inrpulee
Lorser - no failure
upper - failure of !8"2% orf wdgo

DÏSTORTTONS TN CURRM{T ]IVIPUT"SS 
.IúAVÍIFOR},frJ 

DUE TO STIVII.TTiITED

PERMANE}f} FATIIIRES 1]I 2zOO*TITRN COT]"
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få U 20q gpplæg lg¡u1seo fhe srreep speed for the, oseiS.Lograms

was decreased to 50 usecn/cm. The curr"ent waveforms'hrere dísborbed. i¡l a

sinilar ranner except that the current, waveforrn for the 1å Uy 200 Ímpulse

r,ùas on a diJferent scale, The peak ampLitudes were approxi-rnately equaJ"

but a greater dÍfference between the original and faul-ted lrave did exist

in the latter portion of the applied 1å ¡y 2OO Ímpu1se. Comparison of

figures 6-1 and. 6-5 fn¿icates that the faulted. eurrent during the $ by

200 i:trpu1se ?ras reduced be].ornr nomaL cument sooner and produced a larger

distorLion over the renæ,lning portion of the wave than that obser:r¡ed for

'bhe 1å by hO r^ravee result,ing in greater detectability of failure. Fail"-

ures írwolving 9% of the winding are illustrated. in figr:res 6-5 and 6-6

for layers near the surfaceu ín fígures 6-7 for a layer failure orae-quarter

cf the way into the windi¡Bp ad in figure 6-8 for a la¡ær failure near

bhe eenter of the wind:ingo T¡ro-l¿yer faÍlures are iÏLustrated in flgures

5-5 and 6-6 for Jayers near the surfaceo The dependenee of the eurrent

ravefor"r¿ on the location of the fault within the rqrir¡díng in the $ by 20û

Lmpulse detectÍon test r^ras the same as tlrat o'bserr¡ed. during the $ by l+O

:mpuLse teSÈ,

IE - III TEST PERFoRMED 0N A TAPPED L200-TURN CoIt

Ë pU !Q epp_Líe-4 j¡g$se_, The oscflLograns were reeorded with a

weep speed of 'LO usec"/emo and. a verbfeal d.efLeetÍon of 5 volts/emo

A failure of 0"L65%p or 7 turmsn shovno Í¡r ffgure S-po produeed a

istortíon 1n the tafl" sf the røavefonn suffieíent to gfr¡e a defíníte

ndicatÍon of faih¡re" -A.n exar,çLe of a layer faÍlure is shornna i-n

ignre 6-10 for e 7"5 pereent faílure and ínûieated, that the deteetio¡s
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S0 usee"/emo streepi J.Ov/cra" defLo

FTGTAE 6-5

1å ¡y 200 eurent Írqpulse
lower - no failure
center * failure of 9/" of wdgo
upper - failure of 2O% of wdgo

5o asee./eïno slüeepi 10v/cm' def:l.

FIGURE 6-6

1å by 200 current irçu3se
Lower - no failure
center - failur.e oi 9.5% of wdgo
upper - failure of Ag% of wdgo

50 useeo/emo slreepg lOv/emo defLu
:. -

FIGIÍRJ 6-?

1å uy 2oû current, impuLse
l"ower - no failure
uþper - failure of 9"25% of wdgo

lo usee"/emo sneepi J"Ov/cm' d.efto

FTfi]NE 6.8

1å Uy 200 crrrr"enb impuLse
Lower - ¡r¡c faílure
upper - fallure of glt of wdgo

DISTORTIgNS TI{ A l$ rf 200 CûRRENT IIltPliI"sE IIAYEF6RM DIIE T0

SIMÍLA,TED PERI{tu\m'lT FAILIIRES ]i\] THE 2200-TÜm{ CoTL
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senslttrÉty Tfas approxinateþ equa3. to t?¡at demor¡strated durirq the

tests on the 2200 tr:rn eoÍLo The eu.rrent lvarrefom indieated onJ¡r a

sJ.Íght depend,ency on the Loeation of the fault w'ithin the coiL winding,

urrl,Í-tce the rlesults obtai¡ed wiùh the 2200 tr:rn eoil"o Ìlhen l¿rge fafl*

urese of the order of 2A"Å of the wíndingo were simrl¿tedo very large

currerÉs were produced and dernonstrated the improvemefib fn faílure

deteetLon by this rnethod eompared to thê voltage oscf1J.ogr"am methodo

Sinnrlated faÍlrrres, for the f:npu}se applied to ter^rainal tlro of

the eoÍLo sho¡¡ed ídentleaL distor4ions to those produeed when the eoil"

was excíted through terrd.nal oneo

I¿yer fallrres I'rere examÍned wíth the armature core removed

fnom the coiL and a 7 "5iå 
faih¡re is reprodueed ln flgure 6-L1" Although

the eu¡rent was approximately four t,imes as great, the detection senså-

tÍrtty uas not v{s1bltr 1ræreased over that when the ar-rnature cor€ !ra$

læpt fnsÍde the eoiL. The díseontinuity ín the ïraves was forned. when

the Ínput j:ærrtse r,uas ehopped to prevent the totaL cnryent from

exceeèing the rated value of the eurrerú shuntn

Various eombi¡s,tions of resfutor-eapaeltor eurrent shunts were

bested bub dld not appear to improve faÍ}rre detectíono tr\rther tesÈs

performed on cr:ment shunts are deseribed in the foLl"or,aíng seetÍono

lÍstortÍons for a A,L65% failur.en usÍng 0,0067 ar¡d 0"1 ufo eapacitors,

¡re shosn 1n figures 6-L2 and 6-L3 respectfveþo

¿å þg JIQ i¡æ:Ëg.9-, The, oseíJ.Lograms lrere reeorded with a de-

lLeetion of 5 volts/em, and a sÌíeep speed. of 50 useeo/emo The, , tesös



L0 useeo/crnc s¡æepg 5v /crn. defLn

FIGURE 6-9

1å uv hO current Írrpulse
Lower - no faf-lu::e
upper - faj.lnre of O.L65ft of wdg,

10 useco/cm' sneep; f /c^. defilo

rrGünE 6-Lo

få uy h0 cr:ment Írnpr:3se
lower - no fallrtre
upper - failure of 7.5/" of wdgo

L0 r:seco,/cr'to stoeepg f/e*" defl"

FIGIIBE 6-il"

1å ¡y l+O eurrent" Ínrpulse
lor'rer - r¡o fai-lure
upper - failure of 7"5% of wdgu

10 usec"/cm@ shreepg Zv/em, defi""

FTGURE 6-].2

få ¡y l+O eurresb 1rçuì.se
I ornrer - no faÍlur"e
upper - failure of A"!65% of lrdgo
shunt, capacítor - 0o00ó? u.fo

Drsr0RTroNS rli 1å Br lio clrRREliT rMFursE FoR SI{LLÁ.TED

PEA,IVIANENT FAILIIRES IN ,Ir2OO-TIIRN C0IL
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díd not illustrate any great improverent over the $ by ho ra"nej rarge

values of capacitors had to be used. to produce the $ by 3oo impulse

and resulted Ín a reduced detectíon sensítivítyo A OoL65l failure ís
illustrated in figure 6-lÀ" and, when compared. rcith figure 6-9 for the

1å ¡y ho rmpurse, indica,tes that the distorbion was produced over a

greater porbion of the total wave, yielding a more obvÍous dísp]ay5

a' 15"91¿ falhrre produced. a distorbed.'¡¡aveforne approaehÍ-ng a squåre

Irave, and ís illustrated. in figure 6-115"

¿ H 359 appligd .inrÞu1sQ." The generator '!üas set r^rÍth. the same

input and output capaeftors that were used to produce the 1å ¡y 3oo

impulseo r:r the illustrat'ion shoinrn in fÍgure 6-16 for a 16 pereent

failure, the faulted eurrent had a vertícaI deflection of L0 volts/cmo,

whereas the unfar¡lted. current has a vertieaL deflection of $ voi:It,s/em,

Comtrlaríson of fÍgures 6-15 and.6-16 fllustrates that the ríse tíire of

the eu:nrent wavefonn with the eoíL faulted. is proporLional to the rÍse
'bj¡e of the applied Ímpulseo

Vï - Jy DETECTI0N 0F FAILüRES INVOLVTNG ONty A IEI¡,I

TUTIüS ]N A 22OO ÏURN CO]L

fhe 2200 turm coiL whose outer layer was exposed. for simrlated

failures during the detection tests by the voltage oscÍ3.Logram method,

çras tested with sínLlar sírmrl¿ted faults by the current method, ALL

oscillograms weye recorded with a 20 usee,/cmê sweep speed.u

, Osclllograms of a s¡re-'turn fault, are íl.lustrated. ín figure 6-J.f

for a 150 ohm shunt, and. a 1å Uy l+O applied ÍmpuLse and tn fígure 6-LB



lo useen/cn. seüeepi zv/cm" defl,

FIGIIfiE 6-13

1å ty h0 cr.ueent í-npulse
loruer - no fallure
upper - failure of 0"165/" of wdg.
shunt capacitor - 0ol u.fu

50 usec"/crßo streepi f /en" defl'

FIGURE 6-il+

1å ty 300 current Ímpu1se
lower - no faílure
upper - faílure oî O.L65l, of wdgo

50 ,¿seco/cmo slleepi 5v/.*. d,ef,l'

FTGURE 6-l-5

É uV 300 current Ímpulse
lsú,rer - no f,aÍLure
upper - faillrre of L5,9% of wdg'

50 usec"/cmo sT,reept 5T/"*, defl-'

FIGTIRE 6-16

3 by 35O current in'puJ-se
f.ower - no faílure
upper - failurre of L6% of wdg.

DTSTORTIONS ]}I TITE CURRENT I}GTIT-SE I¡IA\IEFORI4S FOR STM]TATED

Pffi,I{ANENT FAILIIRES IN bZOO-IURN COÏL
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for a 15 ohnr sbu¡t and a 1È ¡y 200 Ínpulseo A slight distortion r,¡as

detected at the beginniJ¡g of the r.¡ar¡e in figure 6-17 ." a result of

the expanded verLical scalfng and the differences i¡ íntensíty betr^reen

the trro ¡,raveforrnso However, thÍs dísforbion was very el"ight and ¡ras

not perceptible from the results of the 1å Uy 2OO impì¡Lse .reeorded

r,¡üh a normal ver"bieal deflLeet,ion, as shown in figure 6-L8o

Failwes irwolrrÍ:rg more turcrs r¡ere exa¡nined and the occumence

of a l¡-tr¿x"n or larger faílure is easlþ detectabLeo A 5-træn faÍIure,

recorded across a 15 ohn resisüor, is shols:a 5n fígure 6-19 for the

få ¡y hO tmpufse and ín figure 6-20 for'tþ 1å by 200 impulseo The

oscialograrn in figr.rre 6-20 lndicates a distortion over a greater por-

tíon of the current lrave and suggests that the cument waveform Ìras a

better detector when a 1å ¡y 200 impulse r,üas applied across the eo53

terT ninals,

A nunber of capacitor-resistor curr"ent shunts were examined.,

and a Ao25 :u-f, capacitor in paralleL l¡ith a 15 ohm" resistor was found

to Smprove detection slightlyu

1\,ro-Èurn faih:res are illustrated. for the armatr:re core wíthån

the coil sheI-l in figure 6-2A and. with the eore removed i¡r figure 6-22*

Detection sensitívity was r¡ot inproved. when the am,rature was removed, fr"om

the coLL shelSo The ilçuLse generator rwts reset for the få ¡y eOO

Ímpulse with a low. circuÍt eapacltance and. L- and 2-turn failures were

exarnined. for this shunt combi¡atlon" These failwes are íLlustrated. in
figures 6-23 and 6-2h respectively and indieate that a s1-ight dístortfon

oceurred for a L-turn shor-bo Although this distorùion i.s not suffieÍen'b

to enable this failure to be detected by superirnposÍtfon of osciLl-ogrffrls
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23

20 aseco/cmo s!,'leept LT/cm, defl,

FIGUNE 6-i?

1å Uy LlO cr¡ment impulse
lower - no failu:re
upper - 1 turn wdgo failu:re

150 ohrn shunt resístor

20 useco/cma sûreepi g'/r . defl"o

FTGI]RE 6-1.8

1å ¡y 200 currenù impulse
lot'rer a no failure
upper - I turr¡ wdg, faílurt*

L5 ohm shunt resistor

20 vseco/emo sneepg 5o /"^. defl,

FIGIIRE 6-L9

1å ¡y l+O cu¡rent fmpu1se
lower - no fal}¡re
upper - 5 turn rrdg, fai}:re

15 oh¡n shunt resistor

20 usee"/crlo sþreêpt 5v/**, defl.o

FIGIIRE 6-2t

1å Uy 200 eurrent impu3.se
l-or¡ler - no failure
upper - 5 turn wdg" faihnra

15 ohn shu:ßt reslstor

DISTORTTONS TN TIIE CT]RREI\IT TMPULSE hTAVEFCIRI4S FOR STIVJTT.¡.TED

PER}ÍA}IENT FATÏ,U'RES N{ z2OO-îURN COTL
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20 usee"/cm€ ssreepi Zv/emu deflo

FIGURE 6-2L

1å ty l¡O cuwent Ímpu1se
loner - no faÍlure
upper - 2 tura wdg. faj-Il:re
shrr¡b - 15 ohm and "25 r:fnarnature eore eontair¡ed in coil

2a vseen/cno s¡üeepi 2v/cmo defL"

flIGURE 6_p2

1å bv l+0 cr:rrenù Smpr:Jse
Lovrer - no faÍltre
upper - 2 turn wdg' failur"e
shurrU - 15 ohm and ,25 uf"
armatu¡e core removed from coll

20 useeu/emo svreepg lov/cn" def3.o

flIGtRE 6-23

få Uy 200 er:ment Smpufse
Lü¡er - no faíltl¡e
upper - L turn wdg' failtrre
shnnt - 15 ohm a¡¡d u25 uf,

2o usee,/ø&e $úeÊpi IOv/ern" defL'

FIGURE 6-2h

1å Uy 200 currerrt Í-ryu1se
Lovrer - no failure
upper-2turnfailure
strunt - 15 ohrn ar¡d ,25 uf"

DISTORTTONS IN Tm CURRENT IMPUT"SE T¡IAVÏFORI'4S FOR SIMIILATEÐ

pm¡{AI{U\JÎ FAILURES IN 2200-rtRi{ Cofi,



with any confidence, it d.oes iLlustrate the

voltage oseillogram fault detection methodo
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gain in sensitivity over ihe

vf - v FArruRE rNDrcATroN FR'M cApACrrïvE pur,s'

since neither the vultage nor crrmenb osciJ.log::arn method of fault
detection provided- aonciusive evider¿ce of ¡dnor faílure, tests trrrê,.@ L¡ê-
peated to examiræ the possíbi3-ity of usíng the capacitii¡e puJ.se at the
begÍnning of the current wavefo::m for fault detectionu Fi.gures 6_25 and.
6-26 iil-ustrate the deformatíon in the charging pu].se" when a rå uy lro
ilpul-se was applied across the coil tennir:¿Is for sirmrlated r.-turn and.
7-tnrn failures respeotivery" Fígures 6-2T and 6-28 present simil¿r
results for a 1å ¡y 200 appJ.ied. Ínpulsen The oscillograms show the
eoræiderab1e change that exists in the latter porbion of the osei.r.r-o_
grar¡s eompared to that v:isible ín the pulseo The puJ.se d.id not depend
on the shape of the waveform nor on r¡hether the impu].se Ìüas ehopped. or
not"

vï - y1 TESTS oN corLs FAULTED BT HïGH VOLTAGE ïtpuï,sEs
':,,

Itlren the current oselaLograrn fault deteetion method. was appJ-ied to
the coiJ.s subjeeted to the high voltage Ínpur.ses, orrly the results for"

- coÍl (h) in¿¿cated, that à minatng failure had occumed,o Current oscÍLLo_
grams taken before and. after the high voltage tests for this coir. are

' 
shor¡n in fÍgure e 6-2g and 6-30 for the rå uy h0 detectíon impu-rseu and
1n figr:res 6-3r. and. 6-32 for the rå uy 200 impur.sen Both fmpur.ses we'e
produced with the geærator set ¡rÍth Lcmr r¡a1ues for capacítors C.r and.
02 of figure 5-1(a)" The results i¡rdieaÈed that the r,rar¡efo*u tJr*o
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after the high voltage tests were srightþ ]arger in nagnitude and

T4rere repr€sentatir¡e of a faiÏæe involvlng about four turræo

Besides this fnd.ieation of perrnanent faih:re, the eapacitive
puLse iotas acconrpanied. by a high frequency osci]-latÍon after the hlgh
voltage testso since prevÍous tests on sirmrlated. pernarænt failures
indicated that thÍs pulse w,as ur"øffeeted by permanent faÍlures, thf.s
high frequeney oscÍLlatÍon suggested that the pulse r¡as affected by
vortage frashover that occwred. in earbonized portions of the coLL
windíngo



]'IGTI"RE 6-25

1 tr:rn fault
1å Uy l¡0 applied fmpulse

FIGURE 6-2?

l" turn fault
1å ty 200 ¿ppffs¿ Ínçr:J.se

FTGURE 6-26

? turn fault
Ë Uy l+O applied. Smpulse

FTGÜNE 6-28

7 turn fault
1å Uy 200 applied impu1se

FATITTED AI{D UNFAULTED hIAIÆFOR}4S OF TIIE

CHARGING CURRH\IT PUISE

The løcer ¡uaveform represents the puLse for an unfaulted eoi.IoAll oscilLo€rans taken r,rith a vêrb. deflLo of 2 /cm" and. a srüeep speedof 1 useeo/emo
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FTGT'AE 6-zh

1å uy l+o srqryLse
voltage aeross termf¡aLs

of r¡¡rtested eofl-
eumerú wavefor"rn shorn

FIGURE 6-31

1å byzooSrpul"se ,

voltage åcross temn"lreLs
of untested eofl"

eurrenf r,var¡efoma ehotrg

FTGTIRE 6-30

1å uY ;4o, j¡rqnrlse
voltage a.üross temrinals

of tested eofl"
current naneform ehown

FIGURE 6-32

lå U:'ZOOSmP'Lse
voltage åüc"oss termfnaLs

of tested eoÍ1"
current nravefo¡gn shown

OSCTIÍOGRAT4S FþR CT]RREI$T TMPUISE DHfECTTON METHOÐ

.ALl oscfl"Log?ans have a shreep speed of 2O--useer/cmu Fígures
6-2bs $-3J. and 6;32 haye. a verbícâl defl", of Zv/em" and figure 6-10
has á verùn deflo of lv/cm. PositÍve potent'iaï. reasured dotmurard,



CEAPTM. trJT

EPERT}{ENTAT RESULTS FOR THE TRANSMI1TED

]MPTIT"SE DETECTTON }MTHOD

.TJÏ - T DEIECTTON BT COTI, TRANSMÏS.SÏON OF VOITAGE ÏMPÛTSE

sfnce neither the voltage nor current oscillogram fault d.etectÍon
nret'hod provided conclwive evidence of rd-nor winding failures, further
study in this problem was required and. a number of technÍques were imrest-
igatede promisíng results were reafized ror the coÍl- conceived as a two-
terminal'pair networko the írrput termlnal--pair was chosen as one of the
eoÍl terninals and the coÍr- she1l, while the output terminal-.paír
constituted the remaininþ coil tenninal and. the coil shell, The applied
voltage i:rpulse excÍted tlre fundanental frequeney of the coiL r,¡?rieh

modulated this fryur.se as Ít travelled to the output terrninalso
Iitren a permanent failure deveS-ops in the cot3.u a portf.on of the

rcinding fs shbrted in r,¿rrich eddy currents are generated. by the active
fluxu These eddy cur.rents are aceorpanÍed by an opposfng fl':x wrríeh

índirectly alters the anplÍtude and frequency of the j.nternal- osclll¿-
tionso This failure detectÍon technique eoncentrates on detectíng theee
changes in the frmdanental frequency of the colJ", cau,eed þ wf.ndfng

faÍlures, rather than changes in the applfed rnpuise. ås €r,*rnfned b,y üÏæ
forrner deteetfon methods studied"

Vfi - TT SIMUIATED FAII,URES üIT{EN COü, Ð(CTTED THROUGH TF,RMT}IAT (1)

Terrnfnal (t) r¡as defined in fÍgure 3-5 of Gtrapter ïïï as the ter_
nfnal J-eading to the outer J.ayer of the r,rindlngo rnítlaL tests were
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performed on a l+z0o-turn eoflu with the arrreture eore in and. out of

the coÍJ- shell respectively, and were exbended to the 22OO-turn coÍL

to examine the detectÍon sensÍtÍvity and Íts dependence on the applied

Ímpulse lraveforrns " The oseÍlJ-ograrns for this test and those fn the

remaining sectíons of this chapterhrere reeorded with a yertical de-

flectfon of 100 volts/cm, and a srreep speed of 20 useeo¡h$o 0n1y

pertínent oseÍ3-Logranæ are incluled Ín the diseussion, but add.Ítional

oscillogralns are íncluded in Appendix rrErto

h200-Turn CoíI

the parameters of the itrpulse generatnr nere eet with low values

for the generator capaeitors to produee a få ty l¡0 voltage Í-lpulse across

the coil termÍnals; The tests were perfozmed r¡ith the eoil- she1l grouùded

to the írpulse generator through a 150 ohm resístoro

4ltnelglg _qglg. gogtaiEed }E gglt ghelt" The rransmiÈted r$ Uy [o
impulse r¡as modulated by a highly darçed. oscillation of approxinately

16 ki3-ocycles when the eoil was free fnom any failureso tlhen a faË.1we

of 0.165/"8 or 7 turns, of the r,r'ind.lng was simulated by shorting taps

number 2 and 3e a deffnÍte change was present ín the modulatíng oscilla-
bfon" SrperÍmposit'ion of the unfaulted and faulted tmveforms for 0"16516

rnd 0"195y'" failuxes is shown ín fígures ?-L and 7-2 respeetively" rerger

,lailures lfere aceorpanied by an increase in the oseill-atåon fregueney, as

rclL as the reduction in arçl*tudeu and resulted ån welL defíned indication

,f eoil- faÍlure" Figure 7-3 ålJ.ustrates a 7 "73l, failure, whích is tpica]-
,f any layer failure for the coiln fhe faÍlure åndÍcatíons rnrere found to
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FrcdIRE 7-1

f""aiLure involvfrg 
"165 

percerrb
of the totaL wínding

a:se,tr¡re core eontained in
cotl shel"l

FrGtlRE 7-3

fai}:re inr.olvl¡g ?"?3 pereent
of the totaL wiådjxg

arrratu¡e coæ cor¡tair¡ed fn
colL shell"

FÏGTIRE ?-2

failure involving 
"195 pereenb

of the total winrlÍng
arnatwe core contained in

coil shel^]"

TIGT]RE 7-h

fallure tuwolvlng 2 LooseJ.y coupJ.ed
turas of íclenticaL wire

armature eore renoved from
coíI shell

FATIÏ,TED AND TJNFATTLTEÐ Ï,IA\TEFORPIS FOR A Tå EY hO ilffi]ISE

4,ppI13D BETS/EEiV TERMINAI (t_) ÆrD conE

0F |+2OO-TIIRN COIL
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be Índependent of the location of the faÍlure r,rithín the coi_l r,rind-

ingn

4-rmature sogq removed from ibg g¡g11o rùhen the armature core
¡{as removed from the coir- shelI, the amplítude and. frequency of the
induced oscillation were increased and. the d.etection sensitivity for
these oseillations T^Ias irryroved considerabþo The deteciíon sensitiv:ity
irfterent in thís method Ís exer,plifÍed by the distortùon for a 2-turm
faílure, produeed by looping two turns of wire around the coir and.

shorting the endsn shown in figure Z-h" Since these turns were only
loosely eorpJ-ed to the cofl wínding, a 2-tur¡r failure within the
r,rinding should be easÍly distinguishedo

The 0"165 and z.?3 pereenù fail-ures Tirere re-examined. for the
artreture core remcrved from the eoil, and indicated a gneater deviatLon
bet-vaeen the unfaulted and faulted osciïLograns over a larger portion
of the røveform than was obserr¡ed d.uring the preuÍous .tests when thq
armature core ï¡as kept ín the coil- shello These failures are l_Llus-
trated in fÍgures T-5 and 7-6 respeetfvely.

' ïn o¡d.er to compare the d.etection sensítÍvity of tlris method

nith that available by the current and voltage oseillogram methodso

iests were conducted on eoil (1),

1200-þrn goÅ4

' The' ' tests were perforrned r¿ith the resistanee remor¡ed from the
;oÍ1 cireuít and the armatu.re core placed in the eoíl shell" The induced
scillation Iras siruil"ar to the oscÍI1atÍon observed Ì,rith the resfstanee
n the.coil- circrrÍt and the arnature core removed from the eoil shello
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' trþiJ-ures of I and 2 tr¡rns lrere exardJrsd and, an Jlluslration of a l-twn

faÍ}:re ís shom Ín figure ?-? for an applied 1å by l¡O fnqnrLse" The

¡¡aveform with the larger osc{'tlation is repnesertive of the rrnf,ar¡Ited

coif'o The L' and 2'üurn faÍJ-ures d.id, not produce ary rotíceable clrange

lt¡ tho frequencyr but did damp the exlsting oseÍJ.l,atLon sufflcíently to
produce fail'r¡re f ud{cattons wtrieh are easlly distinguÍshed. fuorr the
u¡faulted waveformø lrlhen faiLu$es !ùere obse¡:\¡ed for ehopped applled
l¡rp*Lse5, the eorrespondång change in amplÍtude and. frequency in tlæ
coll oscflLatÍon was easier to distfnguish" The resr:lt of a singte-turn
faiJ.r:re for an appllied 1å ¡y hO fmprnsee ehopped at L0 üsêo6e is lllustrated,
fn fÍgure f-8u Teets sho¡ved that the anplltude of the osclJ-lation after
the ijtPuLse was chopped. depencled directly on the phase at the ir¡stant of
ehopo The l-turm tl:lustrations, shos¡n in flglres T-9 and ?_lO for the
unchopped and cho¡ryed r$ by 2oo irÐurse respectively, ind.ieated, that a
få ty 200 irrlpt¡lse yÍelded, a greater oonÈrnast bet¡veen the faul-ted and,

unfaulted f-u¡pnlses than a lå Uy h0 wave, This differenee fs apparenË

fþom a com¡raríson of *[gu:nes T-T and 7-g, Larger fäilures are indfeated

þ a marked frequeney shifbo These ehopped, rå ¡y ho an¿ ltw 200 waves

are GoÍ4lared Ín fígure 7-L1g their resr¡Lts Er€ cor¡pared in figrrres l-Lp"
rhe chopped 1å by zoo i-rîprrlse approached a sguare wave and. energized
osc'illations of larger arnplÍtude,

A aorparison of the results of the two colJ-s shows uæü the h2OO-

turn coil' had a lover rætura1 frequenc¡r than the 2200-år:rn coils tbe
fomær was reeorded as approxinately 3fl. kilocycleso whereae the latter
had a freqrrenc¡r ln the neigþbor:rhood of !0 klLocycLes" Howevern there
dÍd not seem üo be ary dífference r.n the detectron sensitÍvíty, ïhe



FTGURE 7-5

faílure Ínvolving "165 percerrb
of the total- winding

armature core removed. fuon
eoil shell

FÏGURE 7-?

faÍlure of l" turn Ín 2200
tur.n co1I

armature core eontai¡ed 5.n
coiL shel"l"

TIGURE ?-6

failure lni¡olvlng 7"72 pereent
of the total" r,rindÍng

ar,mature core removed ftom
coil shell

FIGUnE ?-B

faílnre of L turn tra 22W
tur"n eoiS

arrnature core eontained in
coil shel"l

chopped input fr,rpu.3.se

FAIILTED AND UNFAUTTED hiAlrEF0Ri'F FoR Alü rå ey l+o It{püIsE

.A.PPLED BEfiiìIEEN TERMINAT l" A}'TD C 0m

The waveform w"ith the largest amplitude at 20 useeo represents the
unfaultedlraveformo ALL oscillograms have a verL" defl-o of 1"00T/eïr6, ä,ßd
a slfeep speed of 20 usee"/crnn
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FIGURE 7-9

failure of l" turn ln
2200 turn eoil

1å Uy 200 Saput frnpuS"se

FTGUnE ?-10

faLfu¡re of L tr¡rn i.n
2200 tr¡rn eoi"l

ehopped få ny 200 lnpnJ.se

FTGÛRE 7-]å

eormcarison betlreen a chomed
lå ty ho an¿ a lå uy e-ob

finpr1se

FIGüRE ?-La

conæarison of the results of
arånyhoan¿a$by2oo

lmouLse

FAUT,TEÐ .A}ID UÌ{FAULTED hIA1MFOR¡B FOR AI{ TI,FUT"SE APPITÐ

BET1¡IEErI TERMINAT I AND CORE

A1l" oseål"J"ogæarns irave a vert" deflo of l"O0v/cmo and a sïfeep speetn
of 20 useeo,/emo ¡,rmature eore eorrbaf ned. 5.n eofL shelAo
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frequencies were altered slightly when the coils rrere energízed through

the other terminalo

Comparison of the oseillation rø'ith and without the resistance ancl

with and without the arrnature core ín the círcuit suggests that this

oscillation is dependent on the resonance betr¡een the coil índuetanee

and the coil- and generator capacS-tanceo

vlr - III EXCITATION 0F 11iÐ CoIL TI{ROUGH TERMII{AL (2)

The amplÍtude of the induced oscillation and the change ín ampli-

tude due to coil failure r¡¡ere both increased. by excÍtång the coil through

terminal (2). Inltial tests were obserr¡ed. on a lr20O-turn coiL for an

unchopped and chopped $ by LrO input ir,puLse and the results disclosed

that a 2-turn fai}:re could be identified without superinçosÍng the

oscillograms (see AppendÍx ttgtr)o A change in frequencye as welJ- as the

arpLltude, 'blas easíly vislble vu?ren the failures fnvolv'ed more than four

:turns. The amplitude of the oscill¿tÍons was found to depend direeÈly en

the magnitude of the applied. ÍmpuIse, howeven no change in frequenr:y could

be detected for varj¿tfon of the applfed irçulseo The, , tests wer€ com-

pleted by sirnulating mÍnor failures on the erçosed. outer layer of coil (3).

'' lhe results of a 2-turn faih:re for an applied normal ancl chopped

,1å by l¡0 lrpulse are shown in fígures ?-13 and f-3-[ respectively, and.

LLlust'rated nore positive failure indications than were observed during

bhe tests for the coil energízed, through terminal (1)" These faiLures

gere dirpU-cated for an applied 1å uy 2@ irryulseo shornrn in fígures ?-L5

und. f-16, and produced better índ.ícatíons than those observed for the $
,y h0 i¡pulse" Figure 7-17 lllustrates the results for a $ Uy $ írpulse
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FIGÜRE ?-].3

2 turn faflure
få uy l+0 appLÍed fmgulse

FIGURE ?-15

2 tnrn f¿iIr¡re
l"å b[r 200 applied tupu]"se

FIGIIRE ?-lllr

2 tr¡rn faflure
få Uy hO crropped Í:çulse

FIGURE ?-16

2 tum failure
få Uy 200 ehopped årryu3.se

FATTLTED AND UNFAIITTED I{AVEFþRI4S TOR AII TMPUT"SE APPLTEÐ BEÍ'hIEB{

MA,MTNAL 2 AIüD CORE OF 22OO TTIRN COTÏ,

ALL oseLlLograms have a rlerto defto of 1"00v/em, and a slüeep speed
of 2O useeo/em, Ar"mature core eontained in eoi$ shello
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FTGUnE 7-17

rå U' 15 applied impulse
looseþ coupled tno-ür¡¡to

faLlure

FIGÛnE 7-18

3 turcß fai^lune
1å Uy 200 applled lryuJse

FIGüR.E ?-20

7 tr¡rn fai}¡re
lå Ay 200 applied Ímpulse

F"IGLRE ?-L9

lr turn failr¡re
1å uy 2@ Ínpulse

FAUT,TED AIID UNFAUTTED IüAVETOR}4S FÐB AI\T TS,IPTIT.SE APPTJED BETI/üEEN

TERMINAT 2 ATIID CORE OF 22OO TURN COTÏ,

AL!. osefllogranu have a v€xü" defI" of lOOv/cm" and a sïdeep speed
of 20 weer/cn* Asnature eore eontairæd, Lo eoil" sheÐ"'
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arld Lndicates thate al.though the lndr¡csd essillatÍors were of greater

arr¡plitude, the change in the oscíLlatÍon dwlng coLL falJ,ure rüag

reduced' It appears that falJ.rrre inûicatlon depends lpon elther the

rate at ruhich the erærry fs dellvered to the cofJ., or ræon the total
erÞrgr supplied to the coiJ.o

A L-tr:fn¡ l+-turn and a ?-tr¡rn failure are f]lustreted, fn figures

?-ILBB 7-lL0 and 7-2oo trbjJ-ures i¡ the order of seven turnse or greater,

changed the fnduced osci.llatíon sr:fficierrbJ.y to elfmÍnate the r¡eed, for
superilposftion of osolJ.Log€mso

Ïihen the output ternf¡¡¿Ls of the eotl were teymÍ¡ated., the cofJ.

oscillatlons ?Ísre daffped and the falf.ure lndications reduced, cor¡sfder-

ablyo

Comparfson of the resrrlts for the chopped, and unchopped appLÍed,

impuJ-ses indÍcated that the appLÍed impulse ad.ded nothf.ng to the detect-

abiS-íty of a faÍLure and, ïtorêovêre obscured, arry change that had occurred,

in the amplítude and frequency of the coLt oscillation" fhe problem was

to exclte this r,rindlng and Índependently næasure thÍs oscillatÍon. Ttre

results of one ræthod of obsenring this osci3.lation separately is díscussed.

in the follocÍ-rrg chaptero

vrr - rv rEsrs 0N cOTr,s FAUüTED BY HIGH voLTå,GE r¡mtnsgs

lhen the transnitted impulse rnethod of faiJ-r:re detection.!üas

applied to the two coÍJ-s that r¡ere subjected, to the high voltage ímprrlse

testse only the :¡esults for coi.l- (l+) showed that a fail-ure had occurred,

ù¡rÍng the high voltage Ímprüse tests, Figrrre ?-â1 ilt ustrates the out-
put wavefonns for the J.$ ¡y lro and the rå ¡y 200 appLied imprrlses fo:r
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eoil (l¡) before the high voltage tests, whereas figures 7-22 and T-23

ilLustrate the results for these Í:rqpul-ses after coil (h) was subjected

to the high voltage i¡npulses " Ttre reduction in anrplltude of the npdu-

3,a.ting oscil-l¿tion tüas evident tpr visual fnspeetion of the oscillogransS

the resul-ts of the $ by 200 Ímpulse beÍng particularyclearo The resul-ts

for cof]. (5) Aia not Írdicate any signs of failure and are not includ.edn



FIGUnE ?-21

rå ry ho an¿ r$ uy zoo
noduLated outputs of

r¡ntested coil.

FIGI]RE 7-22

få ¡'y hO nro¿uLated
outpub f:ryulse of

tested cofl

FIGTIRE ?-23

1å ¡y 200 ¡nodul¿ted
output f-rpulse of

tested, coLl.

FATU'AE DHfECTTON FOR COTÎ, STßJECTED TO

HIC'H VOTTA@ ÎESTS

Af3'oseil-Lo.gralrs trave a ver4o defL' of L00v/ernó and a s!'rcep
speed of 20 useeor/cm" PositÍre potentia1 næasured dow¡süard" Arma-
tr¡re eore contaLncd i-¡¡ cotL shel"L"



CHAPTER VITT

EXPER'TUENIALRESULTSFoRTI{E]NDII0EDoS0ILIATT0NT

DETECTION METHOD

VIIÎ - T DETECTION BY EXCTTATTON AT TIIE NATURAL

COII FREQUE"NCY

Trlhen an i-npulse was applied between either of the coil tenninaLs

and the coíL sheIlu an induced osciLLatory voltage, si-nrilar to the

oscillation that rnodrrl¿ted. the transnitted i-nrpuLse for the tests ín the

previous chapter, was obtained across the coil temínaLs" The bottom

iLlustration of figure B-1 ir¡dieates the oseillations produced across

the output termi¡als. - termlnal two and the coil" she].l - when a chopped

1å by l+O imputse lras applied to the input tertoi¡laLs - terrninal one and'

the coil she]l" The center iLlustration of figure B-L indícates the

oscíllatÍon obsewed across the coil terminals when the same chopped $

by l+O lmpulse was appJ"ied to the input terminal-so The osciLlation

obsen¡ed across the coil- terminals was þrger in amplítud'e and' dís-

placed in ti:ne from the oscíllation obser:ved across the output terzninals

of the cofLo

The tOp waveform in figure B-L íllustrates the osciLlatlon

obse1ved. across the coiL termi¡als when this chopped 1å Uy hO impuS-se

was applÍed to the fnput terminals of the coiL and a l+-tur:n fault was

sj:mrlated oå tf," coilo Note tlrat the positíve voltage is rneasured d'own-

ward, Ín these figuresu and in a nurnber qf other figures cont{iined l-n r",he

thesíse since the negatÍves wer"e prínted. ín reverse by eryoro Rtgure B-ls

illustrates the resulting waveforms for the irrduced oscill¿tíon when a
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FIGURE 8-1"

top - 1å by l¿o chopped lrryrrlse
result for a h turn col.L
failure

eenter * 1å by l+O cnopped írrrprrlse
rezult' for no coil fail*
ure

botton - TransmÍtted urlse for a
ohopped 1å by ho iryu:se
(see previous seotion)

FIGUR,E 8-?

top - 1å by 2oo ütpulse result
(larger r'raveforqr) eornPared'
to that for a 1å by l+O

irçuLse
7 turn eo1l fallure

ceuber * lt by 2oo chopped tupu].se
results for no failure and
a 12 tr:¡n co1l faÍlure

botton - Lå by 200 üTlpul-se results
for r¡o fallure and a l2
tnrn col-L fallure

FATUÍAE DETECTION FRO}4 INDUCEÐ COTL OSCTT,T,A.TTONS

All osclLlograns have a ygr"{,, defl' of f /cn" and a srüeep speed
of 20 useco/qm' Põsítíve reasrned dorrn¡ardu
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få ry 2OO j:rÐnlse lüas appLíed to the Í-ryuü terrnl¡aLs of the cojl aiù

h- ar¡t 5-tr¡r¡r faults were sl-rmrLated on the ooilg the waveform with the

reduced. inbensity represents the sl-rmrllated l+-turgr failure' Ìühen the

sjrmLated. faiLrrr.e l,ras íncreased, f':eon l¡ to 5 tqrms, the darnp{ng factor

r,ras increased. considerably and the frequency r¡as altered slighüly@ Thê

lravefosms ín this figure cannot be compared to those in fígUre 8-1

beeau.se the amplitude of the applied 5:nprrlses rüas differente The wa,veq

forsrs at the top of flLgure B-2 illustreaùe the results for ?-tr¡rn faj'L-

ures '¡uhen the colL T,ùas exclted by 1å by 200 and' tt W hO imprrLses of

eqqa.l peak amplltudee produced witb the same cirsuit capacitors in the

generator si:mrlators The osctllatíons excíted by the 1$ by 200 inPrr1se

bad. a greater amplítude and da,mp5-ng faotor than those excíted by the

få ¡y hO írçr¡1se" The oenter and bottom {ll ustrations fn figure B-2

represent 12-tur^r¡ faiLure lrd.íeations for chopped. and unchopped 1å b'y

2OO impulses respectívely, The rrnchopped i:çu3-se exeited. an oscillatlon

of a sLightly larger amplltude for the r:¡rfar:ilted coil., and an oscfLlaflon

of a sligþt}y snaLl-er ampllitude for the fauLted coÍJ"e resr:Ltíng 1n a

slight increase ín detection sensítivityu These {lLustratior¡s sho'!ü thet

the sensÍtivlty of fai.Lure detection is susceptÍbIe to the total enerry

deLiræred by the Ímprrlse and to the Ímprúse war¡esh,aper or rate, by rrhleh

thls enerry is delivered. to the colL"

tr.lhen the positir¡e side of the fmpr:Lse was applÍed t'o the coLL

shelJ. and the colf- termína1 lras grounded, the fnduced osclllatlon r'ras

re duee d c ons íderabllY@

Etgure $-J surrnarizes the results of the tests perfornæd on coLL

(f) witfr an appllied 1$ by lr0 i¡r'pul"seo The slxbh r'raræform illustrates the
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FIGUHE 8-3

fírst - osGi-f.Lâtion fnduced in the eoil"
rEith the armature core out and a
20 turn fault

second - osci-Lfåtion irduced wltb the cone
ín arst a 20 turn fai}:re

thi^rd - oscillation indueed with the eore
removed and no failure sinulstÍon

forrth - oscilf-âtion induced with the core
fn the coil and a resist¿¡ce Í-n
seri.es with the cotl termfrel

fi-fth æ sârtê as the fourtho e:ceept the
resistance is remolred

si:rbh, - 1å by l+O applied írnpulseo 200v/ern*
'ne¡t, defl"

fltGItRE 8-l¿

h* and 5¡"åu,ra faf&æe
1å ¡y 200 applied fmpnlse

FATruRE DETECIION rROM TNDUCED COTÏ, OSCÏT,TATTONS

.ALL oscÍLLograms*have a sweep spegd^of 20 useeo/crno Fllgure B._3
has a verho defln_of J"Ov/cmo and fi-euïË B-h rras a *"t, défl" "r{ f7*ír,Posítlve potentÍa} reasur"ed do,rnvard,
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appLied, 1å ¡y hO i:npufse whiLe the fifbh and third waveforms iLlustrate

the indueed oscillations for the eoil with r¡o sfumrl¿ted failure and the

armature "o-= 
in and. out of the coiL shell respectíve1yo These compar*

ísons 1ndicate that both the frequency and. damping factor of the indueed

oseiLlation trere reduced when the armature cor€ was removed fesm the

coi1 shefl.o The fourth waveform illustrates the induced oscilLatÍo¡¡

for the eoiL w'ith the aymature eore contained in the coiL, but wtth a 1"50

ohm resistor placed between the coí1" shel-1 and the low voltage terminaL

of the inpuJ-se si¡mJ.ator, This oscíLl¿tion íe identícaL to that modu-

Lating the ÍmpuLse ín the tests performed in the previous chapter when

the resistance l,ras incLuded in the coiL cireuito This oscillation eould.

be damped out conçleteþ by ir¡ereasing thís resistance and would suggest

that this osclllation depends on the resonanee between the conbination

of the output generator capaeítor and dÍstributed capacitance of the

coíL and the coiL induetaneeo The second and first wavefoms represent

the results for a 2O-turn failure and the armature core in and out of

the cofl shel"L respectivelYo

VTTT - TT TESTS ON COTL FAULTED BT HIGH

VOLTAGE TESTS

The resonant method of failure detection also yíelded favourable

results when eoíL (l+) was examined for coil" failwe, but along with the

other nèShods, did r¿ot indÍcate failure for coiL (5)" Figures B-5 and

B-ó i1lustrate the osciLlogfams taken before and after the tests for

coåI (5) ar¡d show a reductfon ín the ampS-ítude of the coí1" oscíLlatlon

equaL to tlp.t for a Ll- or 5-turn fai}:reo
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FIGURE 8-5

osefllatíon aeross terminaLs
of untested coiL for

Lå uy ho appS.ied fmputse

FIGIIRE 8-6

osclLl.ation aeross ternrinal,s
of tested coiL for

1å uy ho appS.ied Lupulse

FATI,URE DETECTTON 5'OB COTT STJBJECTED TO

HTGÍ VOITå,C¡E ]MPITÍSE TESTS

A1l" oseilLograrns Ïrar¡e e verto defl" øt 5Y /en" ar¡ù a s'r$eep speed
of 20 usee"/emo PosítLte potent{aJ. rneasured dc¡¡rrsrêrd. Arrnature eore
contained in eoil- sheLl,,



The tests perfowred. on coubrolled fai}ires shor'red that the greatest

d.etectíon serrsitivity was obtaíned by voltage impul.ses with a long t,a13"o

pmduced rrith Lory values for the cireuít eapaeitors j:r the T:rpulse Gene-

rator SÍ¡nil¿toro A restrietion fs imposed by the generator on the

minimum value for these eapaeitors síneeu if t'hey are set too lowe

sueeessine wayefore Ï¡ii"1 not be id.enÈieal", blurrirry the oseÍLlogramso

The grearbest deteetion sensitivÍty was obtai¡red duríng these teste

bryr a Iå by 2@ irnptrlse produeed with the generator input capaeitor set at

A"3:25 ufo and the outpub eapaeit,or set at 0'01" uf" A fai}rre involvíng

0.32fí of the windíng, ttrat is ? turns 5¡r a 2200-tr¡¡sl coi3., was deteeted

whsr the faulted. and unfaulted inpulse waveforsns were photographed on the

same osciJ.S.ogram, In aetuaL praetlce t*¡o oseil-lograms rm¡sù be superi:nposed

and very *tte1rLo* techniqræ ls required. to retafn this degree of aeeurraeyo.

Comparison of the resul.ts for boÈh the 22@- and l+200-ür¡r'n eoÍls

índ.ieated, that this æthod depended on the lnpedance of the coÍJ" testedo

and that this rnethod r¡ould on\¡ p,roduee good r"esults if the impedanee of

the eofL was mreh Less than the output flryedaaee of the generaforo

lrlhen thís rnethod was exber¡ded to eolls faulted' by high rcltage

Ímpr:3.sesn it faíIed completely to indÍeate tkrat the eolSs had faíIed,

even thougþ the other deteetfon næthods suggested a failrrre of the order

of 3 or h turnso These tests jr¡stif} the concluslon that the voltage impu1se

fs ínadeqr:ate as a prineq¡ deteetion for fai}rres ineurred during hi$r volt-

age i.ry¡lse testingo

DTSCUSSTON OT TI{E FAUIT'DETECTTON }'ETHODS

X( - I VOT,ÎAC'E OSffiIIOGRA¡/I FAUT,T DETECTION MEfHOD

CHAPTEB ]1(

BO



lhe deteetlan sensítÍvity of thís teehrníque depended prÍmarÍIy on

the ear¡e pararaeters as affeeted, the voltage oseiSiogram teehni-queg horrr-

ever, this ¡ethod was more sen$1tÍre than the voltage oseillogram ræthodo

For i¡stance, the distortion i-n the cunreitt navefovm for failtæee lrwolvÍng

O"L6li¿ of the wirding Tüês eoÍparabLe to the distorúfon 1n the voltaç

Ìmpulse war¡eform for faihmes írro1lrlrng 2iá of the r,rinltng,

Tests perforned on eolï (3) shorved that, a tno-tuflr fault in the

enrber la]ær of the 2200-år:rn eof3. ¡'¡as deteetable when photographed on the

sa,ræ oscilLograrn aeross a 1"5 ohm reslstor for a få Uy 200 ü4ry1se applied

ts the coi1. fhis ir'¡llcation deereased when the shunt resistor was in*

creased to 150 ohmso Althougþ the totaL current increased corrsiderably

when tlte annatt¡re eore Ìras removed fmn the eoil sheLl", the deùeetlon

sensítívity was not affeetedo lbe results of the tests oa the cofl"s

faulted by the high voltage 5rçuJ"ses Lruåieated that a perÌnanent faÍlure

of the order of 3 or l+ turts r"emaired fn the eoLl"o

ïhe dístoz*ion irt the cr¡rrenb wavefonn depended on the posÍûion

of ühe fai}:re ÌrithÍ.n the eoil w'inðtrqg" lþ,Ílures near the surfaee pro-

.ctueed a distorted ¡raveform with a faster rise ti-neo lndieatfng that, the

deteetion sensÍtivity wouLd be greatest for fai}¡res near the surfaee

and deereasing for failures near the eenter of the windS-ng"

Although the ampS-f.tude of the currrent for the eoí1" r¡íth no si¡m¡Lated

Pailr¡re was proportlonal" to the funpedanee of the coåJ., the deteetloa sensf-

bÍqlty deereased orrly sLightl,y t¡hen tlre deteetLon tests ?rere exbended fnom

:he 2200-tursa eoi-l to the h2OCI-turn cr¡íno

I[ - fï CURRfl\TT OSCffiIOGRAÍ4 FATJLT DETECTï0N ][81]I0D

Bl"
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lhe eurrent puJ.se aå the begfu¡n¡-ng of the currerÉ na'efo:sn To*s

shøl'no to be of little yalue j¡r deteetìng pewenent faílunes and was

reduced, by placfng a eapacitor ín paral].e3. wÍth the 15-ohm shunto The

greatest irprovement i-n fairure detection by the taíL of the f-qu:rss
was obse::ved rÉth a capaciüor of A"pS úo s yåeLdfng a tiræ eonstant of
L useç" for the shur¡þo 'tdhen ühis tlnæ constant wae {ncneased to 15 useea,
the faih¡re fndication was poorero Although this puJ.se had. no value for
permanenÈ faåktresn PÍoneer Eleetrfe Lí¡nited fou¡¡d this pulse usefuL in
deteetfng whether the windÍåg T.ras ffirsceptibre to transiesrb are-over
fallures" lhis property was also shCIrn dur{-ng the tests ou the coiLs
faul"ted by the high voltage lmpu].ses, and. i.ndåeated. that furbber stuff
should be dÍreeted. to thfs pnlse as a fairrrre deteetoro

xt * rrr TNDU0ED Oscr,[,arroN FAUtr DETEcrroN ]GryoÐ

although the curr"enb oselLLogram Deteetfon }&tbod possessed. s'ffi-
eie¡rb sensltivity to deteet most mfnor per@nÊnt fairuresu the i¡d.fcatfon
was not of a foru to perrnit smaLL failures to be easiþ apparenb from eom-
parfson of the oscíLlogramso FbiLure deteetLon teehnÍqueq based, on the
indueed eoll" oscilJ-ation, ¡,vere e:cant¡æd and, r,rere found. to yieJ.d erearer
indieations of farlure" T\uo methods for nonitorirg thfs oserr.ration
r^¡ere díseussed - the Tnan-qn-itted rrçuIse DeteetÍon Ùbthod, ar¡d the
rndueed OsclLlation Dsteotion Pfethodo Both n¡ethods had. sùrd.l-ar d,eteetion
sensltltråtye but the l¿tter method rnade mS¡:or ciunges rnore reaùtþ visibJ.e.

Tests on corrbroSLed fallures fnd,Íeated that 4 ong-tuÍlt fafltrre fa e
2200-tr¡r"n eoLf. was aeconpanied br a r"eduetron ín the ampr.itude and. a¡l
Lnerease i¡n the damping rate of the osciLS.atfonsg Jarger fairures wer¡e
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aeeomtr)anÍed by a change in frequeney as well* Fþo¡n the resu1ts iJ-lustra-

ted j¡ the p:necedir.g chapters, ít can be easiþ atr4greeía,ted that the

sensitÍvity lriherent 1n thís type of detectíon exeeeds that aval-lab1e by

the convenÈíonal crrrrerrb and voltage nethods of faflurco detection" The

test,s perfortred on the colls faulted by hÍgh voltage lmpu-1ses r¡erified

these fi:adingso but aLso lndíeated that the curter¡t waveform ray have

rnore potenùiaL if the crrrrent puLse is sensit'ive to failure by transíent

â,TeoOlI€?e

Com¡nríson of the results for a 1å Uy ho :mpufse and a få by eOO

applíed irapulse sh.o,red that the anrpLitude of the índucod osclll"a,tion

depended on the waveshape of the inpulse and on the enerry deLlvered

by the lrryuLsen Before any definite cor¡clusions can be dram about the

opti-rrnmn detection sensítlvityu firrbher teets on si¡uulated faÍ}rres are

required in which the ca¡racitors of the sírnrl¿tor are varfed trhÍLe the

applied impulse ås kept constant"

The arçlitude of the induced oscil-Lation was proporbíonal to the

ary1itude of the appS-ied å-npuLse, but this dependence ?ras not as seriot¡s

as ín the cornrenbional nethods of failure deteet"fo¡e, slnce the rate of

deeay of this sssÍï-ation, affeeted by failune, lras r¡st affecüed þ the

waveslra¡ron

tr\rther stuåies were aot underüaken to ery]"oit the poss{billty

of j-rær'easing the detection seneitlvity orier t?rat already Ínùieated fn

the pnevÍous ehapters" One possibillty r¡ouLd. be to tes'b Íf the speeünrm

are.l¡rzer eouLd be used to deternrine the di-fference in enevry avallabLe

or tte fnequency shift in the í¡:dueed oscíItation before and afber the

coil r^¡as faulted 
"



Theoretícal studies, follolred by experirnenLaL verlficatíon, haye

yielded an i:r.sight into the internal behaviour of singl.e-larer coiJ.se

and ktane led to an undersbanding of the i:lrpulse voltage dÍstributÍon ín
transformer r,ríndings. The initial d.lstríbutÍon of voltage r^ras found to
be governed by the eapacÍtive distribution withín the wirrd.ing sÍnee the

r,egnetic field required a fin:ite time to developo Moreover, Ít was dis-
eovered that this initíaI distribution depended. on a capacítive ratio, cu

which lras defíned as the square root of the ratio of total capacitanee

to earbh, Ggr.to the total series capacítanee of the fuj.l_ windi_ngo cs,

VOLTAGE DTSTRIBU'TION ATONG COTT TüTNDTNGS

X - T VOTTAGE DTSTRTBTITTON TN TRANSF'OR}IERS

A}üD STNGT,E TATER COTTS

CHAPTER X

that ís

The inj.tial voltage at any poÍnt x aJ-ong the windir€r e(x)g næa-

sr:red from the neutral end of the eoÍL eouLcl be ealeulated. from ther

fol3.owÍng equatlon (referenee 12)n

i'rhere

ø =ß?u

ft is imporüant to note that if ihe eapacítanee is not unfformly

disÈríbuted aLong the lrindingo then d r^riÏL no.b be a constanto

"(*)
rru0

I
x

= Fl -(eÍ:*r s_x/tl- "o {slnh-*il
= nagnitude of the app1ied vol-bage

= total" length o,f the r,rinding

= distanee næasu.red from ræutraü
end of windingo
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1?ris expression was derived. for a u¡¡_ït-step of voltage applied.

across the eoíl te:rmínalso SÍ:nilar distributíons result e4gerÍmentally

for waveforms with steep r¡avefronts, that is, the initi€,l yoltage gra_

dlent is dependent dírrecùþ on the rise tir¡p"

Afber this voltage dístribution is established., cugents wil-l be

produced within the windi-ng which d.epend. díreetly on this voltage dis-
tributíon, Ttre natu:ral tendency of thís inítial distribution of cuffenb
grolrtht by redistríbuting the cond.enser charges, is tor,rards a u¡:åfornr

distrÍbutÍon of voltage, A non-uníform distribution of current resultso
when the voltage becomes uni-form, due to the presence of rnagnetic leakageo

I\mther redistrÍbution of voltage" yieLdíng ma¡crmrm voltage where the
minínnrm voltage was prerråousþu is requíred. to bring aborrb uniformlty f:a

the eurrer¡b distribution, These ir¡bernaL oscil_Lations in resonanb por-
tions of the winding are gradually damped ouÈ resurt,Íng in a r:¡åform

voltage d'istrÍbubÍono Sínee ånternaL oseill¿tions exist as a result of
voltage redistribution caused, by fnductfi¡e currtrntso theÍr amplitude Ís
dependenb on the dee*y tine of the irqpulse, For short war¡etaj-Ls the
amplitudesof the lo¡uer harrnonles are deereasedo

The totaL voltage to earbh can then be represented by a harmonie

series in s¡nee and tÍne of the for¡r

" (*rt)
c0n

ïIm

-o, I-x¿¡r +..= Eo l* * Eo,4[ut sin (m r x/t"] cos ar6t

= angular frequency of t,he rirbh harmonÍe

= amplltude of mbh harmonie a¡¡d. Ís a functíonof the initial voltage distributíon
these equat'ions, derived. frcm the unåt-step f\rnetÍono ean be modi-

fied by Dr*emeLts theorem to be applÍcab1e to a d.Ísturbång foree of any



mathematícal formo DuhanæI¡s theorem states

tr
r(t) = eo(t)e(o)n !eo(x)er(t-x)dx

o-

eo(t) =l response to an appS.ied r:nft-step of voltage

e(0) Ë! rralue of appLied voltage at t=0

sr(t-x) æ ffrst derÍvatíve of the appLied, voltage function
with r¡ariablê t replaced by (t-x),

r(t) = response for an applied. voltage e(t)

The amplltude of the oseillatlons in praetice ís dependerrb on the

voltage dístrÍbution aecorqranyÍng a parbíeul¿r ¡nveshape, approachíng

übeir maxlm¡n arnplÍtude for unít-step rraveso

X - fI APPLTCATTOI{ 0F STAIIDARD ]ÍAïrES TO MUITI-IÁTER CoILS

IfnowS.edge of the ímpuJ.se voltage distributfon aLong the transformer

windi:rgs has furnished ínformatlon r.egarding the locatior¡s of highþ stressectr

porbÍons of the wind:ingo Simflar stuùies were pufsued for the , nnrlti-3ayer

cotls in order to study the internal behavåour of thefr v¡"indings" Ttre .

studies reveaLed a faír1y uniforn iníüfaL impu3.se stress dÍstributåon and

subdued LocaLÍzed oscÍl"letory strress regions, compared to those existf.ng

Ín transfornersc

The r¡oltage waveshape of particular interest ís the stand.ard l"å Uy

h0 war¡e used Ín most furpuLse testso ThÍs Ír,puLse was appl.ied acr"oss the

ternirsLs of the coil and oscillograms of voltage recorded from the tapped

points along the wÍnùtng to the neuüralo Both terminaLs were used respeet-

Ívely for the neutnal Ln order that the tapped points wor¡-Ld. represent botp

B6
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the top h¿lf and the botton half of the collso Graphs were plotted fron

these results to shosr the voltage dlstributlon througþout the coil'

ftlgrrre L0-1 iLluetrates the applied $ ny l+O wave along wÍth the

voltages obsew'ed at tlre various taps for cofl" (1") with the eore in*

Eigur"e 10-2 ÍLlustrcates simil¿r results for eoll (2)" Rigure 10-3

Lllustrates these voltages for co1l (2) witfr the eore out"

It rqas assuræd that ttæ first and last laprs had approxÍnateþ

the sanæ eapacÍtance to coreu thus the taps couLd be r¡sed to i-llustrate

the r¡oltage throughout the eoil by rermslng Èb colL temtnaLs"

Graphs ioere pl"otted for voltage versus posítion througþout the

eoil at speeifie times afber the i-upuLse T'Ías appJ.Íed to the coil ter-

nd-nals, For e:canple, fígure 10-h iLlustrat'es the v¿Iue of ttre voltage

at the 75 pereent posítÍon of the total w:inrüng at' 2, l+ ann 5 nicro-

seeonds after the $ by hO impuJ-se r'ras appl"ied to the eolL termiraLso

Crnaph L fLlustrates the voltage dístribr¡tíon for coi]. (1) wlth ths cove

wlthfn the eoiJ" shello Graphs 2 and 3 flluetraùe si.tallar results for

cotL (2) witir the arrnature core in ard out, of the coiL shel"l respectíveþu

the voltage dístrC.bution aLong the top l¿yer of the coiL for the

arrnature eore fnside ard' removed flom the coiL shell was e:e,rn-tr¡ed for

erbre¡æ variations of the voltage stress and ls illustrated ln flgur"e

10-5" lbe top and bottom ¡savefor.ns are ÍndLeatlve of the er¡d turæe ln

ühe Layer r,¡hfLe the remafníng waveforns repnesent the dístribution talen

rt approximately eqrraJ- ínter¡¡aLs along the top layero 1?tis figure indí-

¡ates that the voltage disüri-buted aLong a 3a¡ær dee:reases uniforrnly as

shcr¡m on the graphs, bub oseil"lp,tes with tjæ with the osciLl¿tion of

5reateet ampLitude appeaning at the eenter of the layero
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APPLIED VOLTAGE TERMINAL rl lO O v/cm

VOLTAGE AT T AP II I IOOV/CM

VOLTAGE AT TAP rlO lOOv/cm

VOLTAGE AT TAP I 9 IOOV/CM

VOLTAGE AT TAP r 8 lOOv/cm

VOLTAGE AT TAP *7 lOOv/cm
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VOLTAGE AT TAP * 4 lOOv/cm

VOLTAGE AT TAP t J IOOV/cm

VOLTAGE AT TA P t I lO Ovlcm

VOLTAGE AT TAP t I lOOv/cm

I Y"* 40 IMPULSE VOLTAGE DISTRIBUTION
FOR COIL IWITH CORE CONTAINED IN SHELL

APPLIED VOLTAGE REPRODUCED IN TACH OSCILLOGRAM

ALL OSCILLOGRAMS HAVE A SWEEP SPEED OF 2O USEC/CM

FÏffiTffit 3.ß.ã,
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fnprüse voltage

USêCS@ __'¿-

nÞasured at the ?5 pereent position of tho totaL winding

MEASÜREï{ENT OF IMPUT"SE VOTTAGE FOR THE

$æIJT"SE VOTTAC'E DTSTRßTITTON CU'R\M

FTGURE lCId+
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Samples of voltage distribution taken
at ápproxinrately equaL ínterval"s a3"'ong

the top layer of the coll" when the eere
1e remor¡ed from t'he coæ

Samples of voltage dlstributÍon takes!
at ãpproxÍnetely equal Ínterrr¿l"s a1"'ong

the top Layer of the eoi.l" when the eore
1s i-r¡ the eor"e of the eo1I

VOTTAGE DTSTRTBUTTOI\I ATONG THE TOP T,ATER OF THE COTü

FIGURE 1"0-5

Al"L osei-LLograms har¡e a 1"00v/em" verbo defl"o and a s'úree$) npeed ot"

2o ueeeo/em'
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I - Trr VOLTAGE DrsrRrBIrrON AtrONG Mtrtrr-r,awR c0rLs

Rlgures 10-1, L0-2 and 10-3 illustrate the osciLl¿tlor¡s that
oceurred at the tapped polnts during the application of the lrnpulseo

The :r' oscÍllations were found to be most severe to,¡ards the grounded,

end of the wirdfngo Graphs }u 2 and 3s on the other hand, represenb

the voltage distribution along the winding at specÍfie tilresu Ttre trans-
Ítion of voltage iLtstributÍon along the r,rirdÍng to the r¡rrLform state was

nof aecorpaníed by the strong oscfll¿tions as shorm by transfornþrûe

Horever, the oseill¿ttor¡s rnrere stronger when the eore was renþved. fronr

the coiL sheLlo The graphs irlustrate that the osefllatloru, whieh

brougþt the r¡oltage distributåon to a uråform state, Íüere Ln phase along

the illrstíng preventing seree voJ.tage stress from developing ovey ê pore

tion of the uindångo

' ft appears that the capaeÍtanee is so ùisposed. througtr the winÅing

that the ini.tial voltage ís fairþ unlfornrly distributed throughout the

wlndfngo Comparfson of thls distr¿bution to that for trnansfor¡ers r¡oul"d

fndicate a Low capacítance ratioo d, o Thfs wouLd, ind.feate that the

capaeftaræe bet¡reen layers is comparable to t?e eapaeitance of the

w{nding to the core, or perhaps largero T?ris is true for alL layer"s

exeept the first few top layersn Their íncr.eased capaeítance al-lons

the r¡oltage distributíon near the top layer to attai:¡ a Jarger gradient

during the fnitia1 portion of the app3.ied. Ímpu3"se,

Moreover, the eapaeitanee is dÍstributed. ín sueh a manr¡er that
the Í¡itiaJ- voltage distribn:tíon Ís fairly r¡niform with respect to the

turn-to-turn ånduetanee" Sånce the rair¡d.ing of a coil" has a srnalL Leak-

age induetaneer the rernaining noa-uniforsnity fn the tu:sr currents would
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redistríbute itself wíthout generatÍng ar6r exbreme resonant oscíl-LatÍo¡ls

within the r.rrindingo A still fftrther reduetion Ín the magnitude of ttre

oscillatior¡s wouLd occur due to the daruping effect of the coil resisüaræeo

Þqperifienbs har¡e indicated that the amplltude of the varíous harmor¡fcs ís

reduced er ponentiþ3.þu depen*ing on the effective resistance of the cofL

at that harrnonfe freqr.rencyo This resistanee depends on the skin effeet of

the eopper and varies aceord:ing to the frequency of oscillationo Tt v¡as

sholra fn AppeatÍx A that the amp3-itude of the dfstributÍon for the harm-

sníes depends on t?re resÍstanee of the coiJ.o
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c0NclusIoNs

the Voltage Oscillogran Fbult Detection }Þthod. r^¡as found Ínadequate

for detecüíng ndnor faihrres ín t'he' coilso The sensítivity of this
¡ethod nould be greater for coils r,ríth a snalLer internal Ínpedaneee bufi

er¡en then wouLd not be as sensitine as the other nethods studíed.

the Current 0sciJ.logrean Fault Detectlon lbthod nas sufficientþ
sensfttve to detect fallures imrolving two turns in a 2200-turn eoiL

when ÍæticuLsus technfque was emplo¡red in recording oscÍlLograns before

and during the produetfon of a controLred failur.e in the coi-Lo Tf the

failr:re of col-L (l+) was t¡plcal of a coÍr. failure frorn high vo}tage

furytrLse tests, then the Trapulse C'enerator Sfumrlator would have to be

modtfied to aIlow the applÍed irrpuLse to be easily repro&rcable,

, The t¡vo rnethods of faílure deteetion based on the sensitivity of
the ir¡duced oseillation to changes i¡ the co1l irryedance yie1ded the besÈ

i¡dications of pennanent failur"e, Slngle-turn fai}¡res ln a Z¡O1-turn

co1I couLd be detected by superimposing the oseillogransg four-turn fall-
ures eould be recognÍzed wÍthout superimposí:rg the oscíJ.lograrnso

In sonæ casese it may be desÍred to deteflnûte Íf the eoiL has been

damaged by the high voltage Ímpulse tests even though the coil does noÈ

fail duríng thís test" ft ís doubtfr¡L if any of these methods would

deteet lnsul¿tíon prrncture b,y transient are-over unless a carbonlzed pat¡

renaÍ¡ed between the daraged portlons, PossfbLe rethods of deteetf-ng ttrf.s

type of fallure were fndicated bry the appearance of a hfgh frequene¡r

oseillatÍon superi-uposed, on the charglng cr:rr.ent pulse of the deteaüÍon
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current wavefor¡n recordêd, for the faulted coÍi, and þ the ehange in the

oscillation at the beginnlng of the curr^ent wavefo:rm obse¡,1red prior to
coÍL faílure during the high voltage rmpulse tests, Jì:rther stuff is
requÍred to determine tf thís high frequency oscfilation can be used. to
deteet trarsient arc-over faílureso

The greatest voltage gradienit withi.:n the coil windf-ng durlng the

applicafÍon of an Ímpulse voltage was found to oecur between the outer
3-ayers of the cofL, I{hen the two eoÍLs r,rene subjeeted to high vortage

Írçulse tests, oræ of the coiLs failed by flashing from one end of the

outer layer to the cofL sheLL' These tests lndicalg that the coÍls may

be rnost rnr]rærable at the outer layers, but a more detalled. stuff of the

voltage dfstributíon is desfrabLe beforre fÍtgn conclusíons are dsranmo
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APTENDIX A

MUTTT-T,A.TEB COTIS

Á. - ï oscruLA.IToNS ÏùïTI{AI COü,S

A lcnowledge of the response of the eoiL winding to an fuçulse ís
of f\mdanental Ínportanee in a study of the effeets of impu]-se voltages

froni smlt'ehÍng trrar¡síents or l-íghtnf-ng surgeso If the r.1se tírae of an

applled impulse is very shordeu there is a rægJ-lgíble growÈh of regnetie

fltix durÍng the rise tíme and the eol3- acts essentialþ as a eapâeitanee,

A period of continual enerry iuberchange betneen the rnagnetic and

eLeetrie fíeLd.s ï¡od;ifíes thís initlaL voltage dístributisn ir¡bo a dis-
trÍbution governed by both the eapaeitaræe and ånduetaræe of the wÍnding"

Ïhís er¡erry interchange is the result of highly daîped oscí11¿tíons r^rhíeh

ean be represented by a conp3-ex series of stand,íng or travellíng waves of
specifíc frequeneÍes, r,ravelengthso and damping factoreo

The 'response of the coil to the lnpu1se funetion înay be represented

by a Fourler series fn whleh each term of the series represente the r^es-

porise of a partieul¿r harmonle, The voltage in the eoiL for the nÍtir
harmosie 1s a funetisn of posftion aruå my be represented by Èhe form

u(*ntr) Ee E*(*) o*" (coo *)

r'rhere E *r*) Er 
lFnee _fìrnetíon of Èhe nath haranorrie ard,ÁÀ(*r 
depends on the waveforæ of the app3.fect
voltage and the eharaeteristies ãE theeoil

CnJn

t
s frequeræy of nrth harmonLe

E tl¡ne Íeasured from the in^stanÈ the iln-
puLse was appl.íed to the eoí3" tennínals
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A unique speetr-um of frequeneÍes can be derived for eaeh cofL fron

dlffenentíal eqr:ations deseribíng the i¡terr¿al behaviour of the eolLo

The spaee fi:¡:ctlons of the fundanental" and seeond and third hamoníee

hane been verified erryerimentally (reference 3.0" W, 29)"

.A - If DIFFERH\TTIAL EQUATïONS

The dLfferential" equations deseribíng thfs volt'ags-ct¡rrqsr$ reLe-

tionship i.u eoftre assure vet5r eonÐLex formso i-f simpLf$ri.ng assu:uptfons

are not made in the analybieal" model"o For a single-3.ayer eoÍ3.0

Ro Rudeúerg used a model" whereby a tur¡r of thls windíng was bound to

the remaln{"ng turns in the lrindång @ a eapacitíve and indiretíve nett'rork,

equívalenrb ts that ållusbrated l¡¡ fígure A-1"(b)" The currerrt, equation

nas derived by settÍng the deenease fn the eurrenb fl-ow i-n tt¡e nnth ttrr¡:

equaJ. to the eharging eur"rent 5-nto the sapaeitaræe of this tri:sr to ground

and to the adjaeent træ¡rso The voltage equatíon was derived, by eor:sider"-

i.ng the voltage of the nltb turo as that i-ndueed, by the rate of ehange of

e'ument, i.a aLL the turns of the colL, Ari effeetive ir¡luetanee was

defined as the seLf-lnùretarme of the nrth tr:rn plus tho su¡u of the

rn¿tual" lnductanees bind,frlg the re¡rairrtng turn of the windÍrrg to *,hfe

turn, The effeet, on the voLtage of the ¡rsth turt¡ by Èhe prerge"essiva

vari¿tfon Í¡ the rate of ehange of ¿rrment al"ong the wfnå1ng was negleeÈecio

lhese süup3.ified equatíons yfel"ded a solut*on for the voltage and eirrresrt

ín the for¡n of stanåtug or traueH"fng ruavesn which agriees ¡rel"l" with expe-

riment, thus Jr:stitylng the sÍmp3"s-fying assunptf-onso

Thfs approaek by Ruderiberg r,ras mrodified Ln th5-s s'üttdy to appþ to

coii Sayersn rather than tø turmso and, two dÍfferenÈÍa} equatåons S.¡¡ tm
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¡¡ari¿bLes r"esulted.o Tn tbe derivatien of these equatfons, s5.:np3.1fyång

assr:rnptions about the behavLsur of the voltage with5-n a Layer had to

be nede"

The differenee in voltage betr,neen edjaeent turns 1n the Layer

rJas assurred to be smalJ. and the voltage eonsider^ed to vary linear1y

a3.ong the laSrern so that the fi.u'bher si-r'p3-f-ffírg assumption eouJ.d be

made that the Layer was at a constant vo3-tage equaT" to the average

rralue of the voltage in the l"ayero Howeven, the experd.nenfal, ûleê,sllrîê-

nænt,s of the voLt'age distribution deseribed ín Chapùer X sholued thåt

the rroltagê lras not ur¡ifomt e,1"ong the top layor but, oscill-atedo wíth

oseil"Setioms of greatest anrp3.Ítude occurtrfi'ag aÈ the eenter of the 3a¡rero

The effeet' of aonduetanee between &ta'ns and 3ayers and t'he

resistanee aì"ong the ia¡rraæ rras al"so negJ.eeÈedo SÍæee tt¡e resLstive

eomporænt, of the minting $.s Sangeo the rreeuLts from thÍs nodel" misü be

coryeeted for the effeet of resistaneeo

The no¡neneLatr¡re used Ín the derivatfon of the equatioas Tmss

en Er &verage voltage of nsth lalrer

e¡,x E! yoltage i¡duced i¡l nrth 3-ayer by sel"f-
lnduefanee of 3.ayer

êrn a voltage indueed in nlth Ia]rer by mrtueL
i-nductanee to rerrraån5æg'leyers of eoll

W E J.ength of o¡-:e 3.a¡rer of the eoil. winding

Cs a gror:nd oapacítanee pex" r::dÈ i-ength of eof1
eonduetor

Osn B ground. eapaeåtanee per r:nit 1ergth of eoi,L
oonduetor for ntùh laloer

Gu^ a 'burn oapaei'i;ance per rurlù I-engtn of eotl"" eonduetor
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turn capacitaræe per unit Lengüh of coi.I
eonduetor for nrth laye.r

ch¿rgj-ng cument to ground for nrth layer

charging current to adjaeeat layers fron
ntth l"ayer

sel"f-i:rduatanse per unit length of sÍ-ngl"e
trtrn

mrtual fnduetance between nnth ar¡il mtth
3.a3nqrs :,

lrg

"oooAoI

ooooAo2

ufoß er

qr, := mrti¡al" ir,rductanee beb,reen mtth and nrth
la¡¡ero trdhen m - n incremenÈe colncide
and $* fs the sel_f-i¡dueüance of the Jayer

Ïhe eharging current through the ground. capacitance from the naÈh

layer is:
-: - rt r.r àgn*gtl * t-gtluu :; 

ã

The eharging eurrent of the nrth Jeyer to both íts adjaeent Lay-

ers isc

åÈn=*nrri+# *%*J

P i(en-l -. en) - (_eq - en+L)]
."\ f

--I

i(en-J" - esr) - (en - en¡1,) l

d l=lr*- -tr: ¡| _---.--_-*---:_._ :

--L _-___--w_ __-- _¿

¿..L]lÌ1 = -ctnÏü

= -Ct;lnl3

ì
I

J

j

I

I

')

r
I

I
I

\n Jt
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the total charging cwrent from the nlth la¡ær is equar to the

decrease fn the er¡¡rent Ïrithín the nrth Jayerl

thene

-Aqx * c*fl'+# * ,**f I
L

I

)
¿t

u this equatfon ís diï-ided by Ït ar¡d the Lf¡nit as Ïr-+ 0 consj.dered,.

@ ff=csr,+#-o16,,2## t""n&'j

The voltage varfation along the cofl ls caused by rnagretfo índuct-
fon' The voltage lndueed withln the ntth layer by'the sel3-índuotanoe of
ühe nsth la¡ær ior

^^ ine¡t ãr Ànw -trf oeeaA*fu

1?te vol$age i'nduced ¡nlthfn the nrth layøæ by the ¡nutual lnduotsnse

to the adJaeenb Jayern lse

@u¡r * \rrn+Lw ?*'l#tÐ n ,hon-ly 3W
Tlm total' ir¡dused voS"tage by the nnrtual f.r¡*uetar¡ee to al.I the

la¡rers of the wind:ing fu a

€u¡¡* f.-"-ou+ì-# m#n ,uno,.**5
m

whe¡e m Tepresents mnth layern

Then the voltage induced ln the nrth layer ås;

€,,. h''#. 
Fy,

'\4rift-Eã-
l/ It

o, onA"ó
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-en = Irq* r:##
m

IIFN

Div:iding by fü and. considerÍng the lJmit as lf.= 0, then:

\.ê l^
-l¿ir= € lu.-_ iist¿g

¡-) x ,l 
Å9¡t ;-i to

nlth l¿yer reduces to incren¡snt x
rnrth Jayier reduces to incr.ement s

ooooA-B

when x :c s Í¡cnenents are coi¡cident

M*, 

" 
b""olæs self-i¡rductance

Equations sl:riLar to equatLons A-3 and A-B have been solved. by neans

of trbedhoLm integral eqr:atíons for single layer windings and the results

showed that the v'oltage and currenü distribrrbion are sirnrsoided. Írr tinre,

but rrot necessaríqf in space (reference Z)" The space dÍstributíon for
sÍng1e layer u'indings was shosna to be determi¡ed by the forn of the

rnrtual ínductanee ftrr¡ctionu The solutÍon accounted for the total nnrtrral-

induetanee and e:clsted for eÍther n¡riform of, rron-üniforrn winding paramet,ersn

Non-n¡r¡Íformities in the wfnding, such as ardal" gaps or breaks and portÍons

I'rith reùtced turrr density, were found to reduce the fundamental frequeney

of the coiL" If the resístivre effect were consídered,, a danpÍng faetor

dependent on the positÍon along the coiL ¡¡ouLd. result,
This method of soLution for coll frequeneies, if they Tirere yequíredn

¡rouLd be extremeþ díffícult since the actual coíLE lære not identieaLly or

even u¡ifonnþ wound" If the wlnclíng paraneters are considered, constant,

and the effect of the rate of change of the current differences bettseen

layers ræglected, equivalent cÍrcuits could be const¡rrcted from the solution

of t'hese equations and then adjusted to comperæate for the approxinetÍons

made ín the coil representatfono



Equation A-3 can be remítten as g

- Ð-Ê- = g*å+ * c*Nz. è,f, u -;lx Ë ¡t " ðtlxc
Equatiou A-ó is repeated for conr¡enier:ees

€n = \'+"F + ã*'+# m* n

Ëy adding and subùracti.:ng the

term q*,fù # , eqr:aÈion A*ó ean be ¡¡rltten

1L2

o * oA'9

do o r,,w -lsh * Þ*t -t#b'. 4"*t + m # n

oo-[o* ã*]wgþ* T.. rr ò (4n-in)
}.r*rt --ÈËF* @nn.A-l-o

Note that the eoup3.íng effect, of aLL Sayers with ntth Jayer is

ex¡pressed as two ternsg the fírst dependent on i* and the secor¡d. on

the differenee beÈrrreen the cumeribs in the m0th layer and nath layer"

If this coeffieiencb is evaluated, it can be shor^rn that it is the sum

of a number of elenents of opposi:rg sign arrdn exeept at hígh frequenc5.eso

the error in neglectÍ:tg this te:rn is ver¡r srml!-o To thís approxima*íon,

Equation A-1"0 then becones.

àa'
-9¡¡ !3 ! W 

-Ò=g: ooooAoLl

where t =tr+ Tu nrÉn
îmn

divÍdíng by tü and corwides"ing the l"lmÍt as hÍ* 0, Equation A-lJ. reduees

to
Ðen_,,)111-îîC'- "ffi
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and åf the pararæters are eonsidered the sare for eaeh Ïayer

- -ð--€,- = ,. - ii*-lffi-*TT o o o o.&o12

A - ïïï REPRESE|\ITÂTï0II BY At{ EQitIVÂfm\rT CIRCIIIT

ïf the effeet of the mrtuaL inductance ís negleeted, then equa-

tÍons A-9 and A-12 nay be eor¡sider:gd as approximate representations of

the eoiL wÍnding, The eomblnation of these equations yields an eqr:atíon

for cu¡srenù or voltage of tbe fomc

_?u,-!1 - rcs +-ä + ce' --*=þ.fu = o o o o 'A-IJ

This eguatíon ean be solved by separatíon of rrarfabLes and yieLds

a solubåon of the foi.J"orri-:rg f"crm¡

e = E *J,lilt *J* o o o oA-lÀ

lbfs vo$age oscíIlates si-vnrsoídaJ"Iy f¡r t'ime and aLso in space

aLong the erbensi.on x of the cofJ-n Substftuttng this sol"utf.on into the

previow equat,ion wiLt y:ie3"d an expression for the natr.¡:raT" frequeneÍ-es

and for the nave densítyo

ThÍs solutÍon may be etqpressed as a traveLlfug wave by setti,ng

ø * sLp that i.su

e.Euj-[*-+j n o , o/N-1,5

SLnee the solutfo¡s ean be 'nedueed €o a standing ff-ave or travel-3"lng

wavefonnn the eoi-l- nay be represented by an artffíefal" tr:ansmissåo¡¿ l"åre

of the fonrn shown fn ffgure A-16, If rmrtuaL ir¡duetarree ls eonsf.derecl,

then t'lie cireuit ¡mrst take the fom¿ of ffgure A-35, As stated preldousþ,

ù?¿e resíståve oonryorent sf the eofL car¡r¡ot be ræg3"eoted azrd. the eonpSete

equÍva3.enÈ eireuit m:st take the fornr showr" in figure .&-1^o
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fïGURE A-la

TOSST,ESS COIT,

FIGITAE A_h
TOSST.ESS COTL Ï¡-ITI{ MIIT'TIAT, INDÜTTA}ICE

FIGTIRE A-1.^

rossï coïl*

C* - eround eapacitanee per tm:it LengÈh

C* = layer capacitanee per unåt lengÈh

L on índuetanee per unÍt i-engÈh

M Ë rmtuål Í¡ductance per urÍt length

EQUTVAï,ENT CIRCTTITS Í0R CoIt

''\. I
,-,'ð'{?f'-'
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lhe const:rrction and solutÍon of these equinalent circuits

involve a considerabLe amount, of ruorko The coil parameters wouLd

har¡e to be measur"ed accuratelyo The self-inductance and ¡mrtual

inctuctances of any air core coil nay be obtained from tables. .A,lso"

íù ean b e sho¡vn that for each lir¡ear iron cor"e col-L thene exlsts an

equivalent aÍr cor"e coil such th¿t the ¡nrtual li:rkages ar"e the same

i¡r both coíLs (referer:ce l)u These circuÍts can then be solved

either rnrrærical-þ or by a rætnork anal¡zer" The fonner ¡:ethod

l"ead,s to more accurate r¡alues of the natural frequenoíes3 the latter

l"s more rapÍd and lends itself r¡elL to fmrestigatíng the effect of

changes ån eireuit consÈants.

An equfuralent circuit ¡vas not produced for these eolls beeause

of the Írregularlties existing betlreen the coiLs and between layers

of arq¡ eoilo Ttrus, the destmctÍoa of one coil to obtain nalues for

an equivaler¡t cireuÍt trould rlot neeessaråly yield suitabLe resul'bs

for ar¡other co1l, These equirralent cÍrcuit repr"esenbations have been

included to assist Ín the rr¡derstanding of the col-L behaviour and to

show that it ís analogous to a transmission 1"fuæ"

A - IV NATURJ.T FREQI'ENCT RESPONSE OF THE COTIS

Ttre clreuít of figure A-3*wou1"d have a transient response very

sÍmÌ-l¿r to tllat for the actual coil"o Tf the rnrtupl" terms were negS.eeted

and a suffieient" nurnber of seet,ío¡r"s were considered. the netnorlc response

i,rouLd not ctrange significantþ. As the r¡rmber of sectíons inereased.,

this ¡:etwork woul"d approaeh a 3-ossy trar¡smissÍon Lí¡æo Ttre di-fferenÈfal"

equations resultÍng from an el-erænta4¡ sectLon sf sueh a transnrission

line arec
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ä €* +. :,1-t=¿ * ¿ [ftff=q+r- ðr curtrtdt
ar¡c. aL.g=cj3"!

ðx ðt

If the voltage and currenþ are assumed to be complex exponentíal

functions of t'inæo then the equat'f-ons reduce tos

-#* = (R + J¡uir)i.r * ru# = ffi = zl
SJ

{dd, ," jÞc exrt ã Te
L¡ r$

GornbfnÍng these equations wouLd :result íns

rD

-fl -å = zY €xot
è, x¿

The solution to this equation is of the forrnc
jff x ^Jrpt

"*rÈ=U" 
.e-

ft is desired to reduee this expression toc

-oÊe i{t x jro È**rt= $ e e e

J^ 'r^er ./?"+19=a+Jp¿/ A tAndw

I'rhere-

",ffi =

Squari.ng both sides ft + 4' ut - p2 - zJúþ

Eqr:ating r"eal- arul i:mginary component's yÍeLds s

(,

o o o oA-L6

o o o oA-L*i

a E rs,rzrcril-,rr?ffiil - ,"s2n2 cucn

ncr/r-rr?rc,ì *3oort2þe

Sæ

ffi

13- -warnL)Z - ,,Foztl
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As a result, the solution of the differentíaI equation may

be i^rritten i-n the forrns

**rt -Ee-ffi 6Jf"x aïtttb

That is, the voltage is an exporÞntial firnction of fire and

position arxi is damped as it progresses along the coil"

lühen R - 0 the results reduee to e

ExarninÍng equatlon A-L? indicates tirat p w"i1-L becore inffniteþ

Sarge when

1-Ëdzrc ae

orü) *U./Wy

This frequenc¡r is called the erítíeaï" frequeræy since standing

?ra\æs will not be produeed aborre this frequencyo

The space wave densitíes, Þ s are linrited to specífic rralues

that satisfþ the boundarSr conditiorrso Since the coil can þ consÍdered

as a shorb-círouited transnrission Linee the spaee funetíons have the

'wavelengths given bya

L= e/m r,¡here m= å x2rb,u6"ooooaooêtrËni-ndiees

e = electri-eal length of coil windingo

The r,rave density would then be given as e

fu = 2l-rjrn- ooooAoS.Bre

Substitutlng these nalues ínto equatÍon A-1? and solving for

varÍenæ values of rn wiLl yieJ"cl the rarious r¡aturaL fr"equeneíes of the

coiS wíndirg.
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ïf the coi'l deverops a pe::manent failure, shorb{ng a portÍon
of the wÍnding, the naturar frequencíes ¡,rill be altered. accord,inglr"

Ttris shifb resurts due to changes in e and p. Houever, a fu:ùher
effect becomes prornirænt" The coÍL acts as a transformer rvith the
secondary short-circuÍted, Therefor.e, as the fai}¡re inc¡:eases, the
effeetÍve secondarry íncreases, and. more current is requfred. at the

íryut" si¡æe failures r"efreet back ir¡ùo the rnaÍn w.ind,ing as an

fmpedance r"eductfonn ít appears that neasurenÞnt of this Ínput current
would provide a means of detecting coí1 faÍ}:res,

A . V TRAI/ET,TTNG TüAUES TN COTI'5

As mentioned pr"eviousþ, the coÍl nray be consídered. as a shorb-
circuited lossy transnission lLne subject, to stand.íng or travell{ng
TüE¿ves. Thís sectÍon lrilL consider the traveuing war¡e solutlon"

In generral the applÍed wave aeross the coit wfl"l not necessarily
be sÍnusoidal andn fn thls casee r,rÍLl consist of a specified íra¡nrlse

Ì4raveo However, any wave foltn ean be represented. by a sum of sírnrsoidal
oseillations by t'he Forrrier theorem, The, sÍnusoidal. components r,ri1L

traveL wíth various veloeÍtíes dependíng on the frequeneyo rf the
frequency ls very 3.onu then the veoLeíty wÍJ.L approach the speed, of
3'ight" As the critÍaal freqr:eney ís approached,u the r¡elocfty decr.eases

t,o zero,

The v.rgLocity, v, ís given byt

v * cP/ft

where Þ tu defined in equat,ion A_I?u
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As the voltage wave travels along the transnission r.iræ its
shape ís altered si¡ce the veloclty of the varÍous frequencies differu

Ïhe lrave front rnay be fl¿tter¡ed co¡rsiderably sínce the frequeræÍes

above the critical fr"equencl¡ are not transnltted," rt should not be

forgotten that eaeh of the flequencÍes pro¡ngated are attenuated. by

the cor¡staute.c. The coil. response r.rould be for¡nd by considering the

effect on aLl the cornpor¡ents of the irqput !üs,\¡ee especially those

approaching the eritícal fz.eque@I, A4¡ faÍlure in thls case wouLrl

alter the r¡elocities of these coryoner,rbs"

No netter whictr of the solutions to the differential eqr:ations

Ís cor,usideredn the sanÞ conêlusions ney be arir¡ed ato 1?re standÍng

waïre approach Ís more useftrl as it enabLes a dírect corçarison wÍtb

arbi-ficial transmission Li¡re círcuíts, Moreover, the natural frs-
quencies calculated fuom tbese eircuÍts ¡'rould yieLd irrformatfon &g

to the interr¡aL voltage distríbutfon of the coíL and. rnay be ínter-
preted dÍreetþ for farüü deteetion,
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RECOADTNG AXID DEVEIOPTNG OF OSCTIIOGRA}E

The Telrbronix t¡pe 533 oscil.loscope was used to display the

desired waveforrns, and the oseillograms of these waveforms were

recorded fron this display by a Durnont oscill-ograph Record canæra

trype 299"

rt rras four¡f that an apertr:re operring slightly greater than

fl+ and an e)rposllre ti¡e of approxir,eteþ 0"7 seconds qras best suited.

for reeur'rent oseilLographic rnrorko Irihen a timr¿ base speed. of 20 rr1icrr),-

seeondsr/emo and a verbfcal deflectíon of L0 volts/emo ï,üere used.o the

best results oecurred. when the Í:rtensíty was sei; aÈ a poínt of medium

åntensítyo fhe intensít'y had to be adjus'bed. slightþ for other cseiLJ,o-

soope settings"

The fiLm was devel-oped. by an Eastrnan D-76 deveì.oper modified by

addlt'íon of boraxo The deveLoping tlme ra.nged from L2 to 15 mínuterso

rt is not'ed that in an effort tú' conserve fihj, sonre of the

photographs were taken too elose to one ar¡other and., as a resurt,, scme

prini;s incLuded e:d¿raneous material" lrhictr had. "bc be ret,ouehed."
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ADDTT]ONAL OSCTTJOGRA]VIS FOR VOITAGE OSCILI,OGRA¡{

FAULT DETECTION I,NTTHOD

The coils used.for these tests are lllustrated Ín figure 3-he page

1"1, and a detaiLed Íllustration of the rrinding is shor,rn in fígure J-$,

page 16u fhe tapped turr¡s for cof}s (1) and (e) are l1sted, on page il+o

TabLes C-I and C-2 I1st' all the tap combinations tested for

coíls (1) anA (e) r¡itfr thei-r respectírre nu¡rber of turns and pereentage

of wínding affected"

Table C-3 lists the page rnrmbers of the illustratio¡rs for sim¡I-

ated faiÏ¡res shornr¡r in Chapter V and this appendix, thej-r tap combin-

ations, and theír size expressed as a percentage of the total windingo
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T.ABLE C-L

VARTOUS TA? CO}ÍBTNATIONS FOR COIL (T.) WITI{ T}IE NU}ßEB OF

TURNS AFFECTED A\TD PM,CENT OF TITNDTNG TNVOT,'TED

Tap
Combínation

No" of
lurns

Peycent of
lüdg affected

.1¡l

.Lø¿

¿-J
l"-l+
]'-5
'lD.L- I
1-B
].'9
L-L0
L-LL
2-3
2+
rtf¿ø2
2-T
2-LÏ
2-9
3-h
3-5
3-1L
5e
5^T
T-9
7'8
B-9
B-lJ
9-1"0
9-13

10-13

9"6
20"o
2LrB
3h't+
28*O
39.9
52"3
b2,5
58'g
9.5

19,0
29,5
2A"3
5L"2
h2"6
9"8

2A.2
hL,5

9oO
8r8

22o3
9"5

l2,B
20.,6
go7
8,5

LB.2

21.1
Loz
6ztrr
722
610
827

1097
893

J297
2Ag
ltZZ
620
bza

10?l+
8e5
2L7
b25
871¡'

198
r.9lr
h6e
203
27o
ld.r9
20h
179
383
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TABï,8 C-2

vAaïors TAp co]'tsINATroNS FoR CoIt (2) I,üITH THE NUIIBER OF

ÏURNS .A,¡TECTED AND PER,CENTACIE OF ü]:IND]NG TN\TOLVED

Tap
Combination

Nou of
Tums

Percent of
Ifdg affected

f.-2
24
3+
54
6-T
7-B
7-9
B-9
B-2
B-5
¿,@\t

l+-c
5-C
6-G
7-G
B-G
9-G

3L5I
3ù4
322

7
338
6lz
33h

1l_02
66r
582
gllr
9L7

1239
12h6
1581+
1918

7"5
rL9

7"72
7"68

"!68"05
16"
7"95

26,5
];5"g
L3.g
21oB
2L.g
29,5
29.7
38"?
'l+5"6
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ÏITUSÎRATTONS

T¡lTfFH rFIIËrTÞ
rrÅ¿¡r ¿¡4¿¡L

9ABÏ,E C-3

FOR STMÍI,ATED FATIÛRES ATóNG

SÏZE .AND TAP CO}ßINATTONS

Figure
llo, Tap Conibinatior¡s

Percent of
lüdg, Affected

Page
No.

Coil (1") - 2200-turn coiL

1å ¡y l+o applied Í:rçulse

5-B
5-9
5-L0
C-1
C^2
C-3
c-h
ñl¿u-)
C-6

L-Zg 3c hs 5
1-7¡ Bp 9, LO
2-3e 7e 13-
3-5s LL
5^7s 3
T-Bs 9
B-9
9-10g Lt
10-Ll"

9,6, zo.oo 28"0, 3l+,h
29"9s 39.bs I+2"9e 52"3

9"5, 2ou3u 5L,2
20"0, h1,5
9"2, 2o"3
,"u' 

13:â
9'7 s 8"5

18,2

g,6s ZO'O, AB.O, 3lr"h
2g"gs 3g"be 52"3

BoB
g,B's 2o"2

9,6, !zu]--s ?g"Lr
9"0
9"5

]".2"2
9"7

LB,2

- L200-tur.n coil-

3lr
3h
37

w6
L26
L26
L26
127
r27

37
37
37

127
]:27
L2B
L2B
128
L2B
l2q

39
39
39
39

rzg
L29
i-30

It'Uy 200 applied i.nrpu-Lse

5-LL
5^w
5-L3
C-T
G-B
C-9
C-10
C-lJ
C-]-2
C-13

5-lù
5-L5
5'].:6
5-1?
C-11+
C-JS
C-16

2-3
5-6A 7-B
B-9
7-9g B-2
M
54
7*9

L-Zs 3g bs 5
1-7, Be L0
5-T
3J+' 5
2'3, hn 5
h-5
7-B
9-B
9-I"0
I"0-lL

coll (2)

1å Uy l+0 appLled. impulse

0"19
7"68, 8"CI5

7 "95L6"5, 26,,
f,5"2
7 "6816"0
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TABIE C-3
(ContÍrnrea)

FÍgur"e Percent of
No* Tap Combinations Tildg" Affected

Page
Not

1å ¡y J00 applied i-npuJ.se

5-r0 2-3
6-1e l--2/4tC-17 7-B

3 by 35O applied impulse

5-2A 2-3
5^2L L-2
C-LB B-9

Coil (3) - 2200-tura coíl

få ry 200 applied imputse

5-22 3-tr:rn failure
5-Zl 7-tut'n fai-lure
í-Zh l5-turn faÍ}:re
5-25 2í-1.¡rcn failure

0.19 l+1

7., l+rB.o5 L30

0"19 tt
7 "5 h:.7,95 130

0.13 I+Z

"38 hZ.

"68 l+Z

1"15 he

Coif (h) - High Voltage Tests Results

t-26 1å ty l¿o impufse untested coÍl
5-Zl 1å by l+O impulse tested eoll"
5-Zg 1å uy 200 ånrprrlse r:ntested coi.l
5-29 1å by 200 Ímpulse tested eoil

hh
ld+

hl+
hh.



FIcTlng C-l

1å Uy l+O Smpulse for no faifure
2oo2s and h1"5 percent
failures respeetively

flIGURE C-3

1å ty l+O :iupufse for no failure
9o5e and 22,3 percent
failures æspeetlveþ

FIGUAE C-2

1å uy lro iqpurse for no failure
9"25s and 20,3 pereent
faflures respectiveþ

ruGURE C*li

1å Uy l+O fmpufse for no fallrere
ar¡d L2o8 percerb

fai}¡res respectívely

DTSTORTTONS IN OTITPI'T VOI,TAGE },IAIEFORM FOR FATTURES

STMI'IÁTED ON A 22OCI*TURN COTI

ALL osetllograÍE¡ have a verb" defl" of L00v/em" ar¡d a srdeep speed,
20 usec"/crn



tr'IGüRE g-!

1å by_lig impulse for no faiLure
9o7¡ and 8"5 percent
faflures respeetiveþ

ETGURE C-6

lt Uy ho rnpufse for r¡o failure
and l8o2 ¡æreentfailures respeetiveþ

FïGÛAE C-7

få ¡y-eg9 i:rpu-lse for ro faihrne
2"95, aiad. zo"z p""ã""i--*-
fallures r"especlively

FIGURE C-8

lå-ry 200 iíÞulse for no failure
9.6e lz"lp ênd zg"b pe*ã;"ù*"

failuree respectíîeþ

Drsr0RmONs ri[ Orjrrpur v0LTacE I¡rAlmFoRM FoR FAïr,ïrREs

STMT],ATrÐ ON A 2ZOO-TÜRN COIL

of 50 .|r#"iff:11ograms have a verbo defl' of 100v/cho ênd, a sûreep speed
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ETGTIRE C.9

1å ¡y 200 irrrpúlse for no failur"e
ar¡d 9"0 Percent

fatftrres resPectirreþ

HIGURE C-10

lt Uy 200 Í-Trpulse for no feilure
and 9"5 Percent

faihrres respectivelìf

FIGUAE C-11

få ry 200 frydse for no fallure
and L2o2 percent

failures respectivelY

FIGIIRE C-12

1å ¡y 200 i:rlpuLse for no fallure
and 9,? Percent

failures resPectíveþ

ORTTONS TN OT]TPUT VOLTAGE TüAITEFORM FOR FATIÜRES

S]MIIId,TED 0N A 2200-rtiRN toÏt

Al-L oscillogr"arns have a verto defl@ of 100v/cmn and a s!'feep speed

of 50 usec'/em"
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FIGURE C-l-3

1å Uy 200 tu@uLse for no failu:re
and 1B'2 percent

failr:res respectitrcþ

DISTORTION IN OUTHIT VOI'TAGE I/üAVEIORI\6 FOR FAILURES

SIMüIATED 0N Á. 2200-TURN COIL

FIGIIRE C-IJ+

Lå Uy l+0 impnl.se for no fai-lure
anÅ,15"2 percent

fai}¡res respeetivelY

FIGURE C-15

få Uy hO Í¡nprt¡Ise for no failure
and 7068 percent'

faÍlures respectivelY

DTSTORTTON TN OI'TPIJT VOLT.AGE WAIEFORI\4S FOR FATLTRES

srMnarED oN a I+200-TURN COrt

.LL1 oscÍ}losïams have a vert, dêf}' of LQQv/c¡¡" Figure C-L3
has a s-vreep speed õf 5o usec./em" and. Figr:res C-Lh and. C-15 have a sweep

speed. of Ib usee'/cn¡o
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FIGÛBE C-16

få by ho irytr-fse for no failure
and 16 percer¡b

failures rõspectiveltr

FIGURE C-1"?

få by 300 Ímpu"lse for no fai}:re
and Bo05 percenü

faÍ}:res respeetiveþ

FIGURE C-1"8

3 by 35O Snrpu-Lse for no faålure
and 7'95 Percent

failures respectiveþ

DT"STORTTONS ]N OT'TPUT VOLTAGE TüA\TEFONM FOR FATLURES

SÏ,IIIT,ATED ON A b2OO-TURN COTT

All oscillograms have a l0Ov/,crn. vert' defL' Figures C-16 and
C-1? have a s¡¡eep ãpeed of" lQ usec./cmo and figgree C-LB and C-L9 haye
a srüeep speed of 50 useco/emô
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AÐDTTIONAÍ, OSCÏTIOGRA}IS FOR CURRM\IT OSCüI,OGNAM

FAUT,T DETECTTON METHOD

Table D-l Lists the page numbers of the Íllustration"s for simtú-

ated. failures sho¡vrr in Chapter \l"l and thís appendix, their tap cornbS:r-

ation":, wherever possible, and. their size ercpressed as a pereentage of

the total wíndÍng'

The travefo:gns in figures D-l to D-5 illustrate the resrrlts for

tests perforrned on coil (1); those in fÍgtrres D-? to D-L0 i1lust'rate

ttre results for tests performed on coil (2)g ana those in the remaÍnl-ng

ffgqres fllustrate the resu.lts for tests performed on coil (3)' The

arnature core was contained i-n the co1l sheLL for aLl testsu and a

current shunt of L50 ohrns ¡uas used unLess otherwÍse specffiedo
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ÏItrIISTRATTONS

Td-TTH TIfrTR

:Ærn 
D-L

FOR SIMI}T,ATED FATilN,E,S AIONG

SÏZE A}TD TAP COI{BTI\TATIONS

figune
Noo Tap Combir¡ations

Percent of
Tüdg". Affeeted

Page
No"

Coil (1) - 2200-tu::n coÍL

1å ¡y l¿0 applÍed Ímpulse

6-L 3-J4u 56-2 L-zi 3r T6-s ?-B'
6-ll L0-lJD-L 5-7D-L h*5D-3 2*3s 3-lLD-l+ B-g

1å ¡y 200 applted inpuJ.se

q-5 !-zs j64 2-3-s h6-T T-B'6-8 \-SD-5 3-l+D4 L0-31"

9"0s 2O.O
g,5e ].;g,o

9"25
9"O

9"85
28,2

* l+2006tufln coil

9'B5t 26o2
9"6e 2OoB¡ 28.0

9"5
1"8,2
9"25
9'0

9"5, 19,L
12"8

0u16
7,5
7r5

0,16
0"16
T "7216'o
7"5

coil (2)

få uy [0 apptied Í:rçuLse

hr
br
hz
LtT

135
r35
r-35
r35

l+g
l+p
l+g
ltg

Lfi
\36

5¿
Cr

5r
5t
53

r37
1"37
13?

6-T
1-2
1-2
6-T
O-'l
3-l¿
7-9
l"-2

6-9
6-L0
6-1"1
6-J2
6*1"3
Ð-T
D-B
D-9
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TÄ3T,E Ð-L
(Conti¡nred)

Fígure
No* Tap Combinatior¡s

Percent of
lüdg. Affected

Fage
Not

få ¡¡r J00 app3.íed impuJ.ee

3 by 35O applied Írryulse

o-Jl+
6-].;5

6-J.6
D-10

53
53

93
a37

6^7
5-B

h-8
?-B

Or16
16oo

L6oo
8"05

Fígure
No' Fault

Applied Percent of Page
Irçulse Ïldg* Sffected No'

CoÍl (3) - 2200-tunr colL

6-]t7
6-18
6-L9
6-2Q
6-2L
6^22
6-23
6-21+
Ð-LL
Ð-L2
D_L3
D-ll
D-15
Ð-16
D-17
D-LB

l"-ttnt,
L-turn
5-ürrrn
5-turn
2-turn
2-tugr
I-tr.¡:lu
2-turn
þturn
3-turn

15-turn
?-tura
7-ttrwr

t5-tr¡m
L-tur¡o
7-firrrt

. ,0115
.0h5

"23
u23

"09
uO9

.ol+5
r09
o13
.13

"69
"32
"32
"69,ob'
"32

1å uy l*o
li by p00

$bYþo
$ by 200
1$'by t¡0
1$ by þ0
lf, by 200
$ by !00
1Ë uy l+o
1å by ?00
1å by l+0
1å uy l+o
If; by 200
If, by f00
$bvþo
1å by l+0

55
55
,5
55
56
56
56
56

l"3B
138
l"3B
138
1ß9
a39
L39
L39

5s
9e
5e
5e

1å uy l*o
$ by 200
1ä uv ho
$ by 200

6-?5
6-26
6-27
6-28

Detection by Charg:íng Cr:nent Rúse

L-tu¡rn
?-turr¡
I-tu:¡rr
7-turn

,0h5
u32

"0h5.32
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3.4318 Ð-I
(Contirued)

Iíg¡re
Noo Ðescripùion

Page
Not

Coil (l+) - Hlgh Voltage Trqgulse Test Results

6-2)+ 1å ¡y l+O i:nfn¡fse untested eolL 6O
6-30 $ tv l¿0 Í¡rpulse tested coil 60
6-3L lt by 200 ir@u].se urrbested coi-L 60
6-32 1å by 200 irpufse tested. coiL 6A
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I'TffinE D-l

lt Uy l¿O applíed. inpulse
Lo¡'rer - no fai}¡re
upper - faflure of 9"251t of wdg,

FTGURE D-3

Iå by lrO ap'plåed impu1se
lcnrer - r¡o fai}:re
center - faih¡re of 9"516 of wdg,
upper - faLlure of Lg,LÍ| of wdg,

FIGURE D-2

1å Uy l¡0 appLied Ímgulse
lor,rer - no failure
upper. - failrrre of 9i6 of wdg",

FIGURE Ð*lr

1å Uy l¡O applied imprlse
Lo¡er - no faihrne
upper - failtrre of L?"Bltr of wdg,

ÐïSToRTIoNS rN cuRREnür rupuÏ-sq ÏüAVEFoRM FoR FATtrURES

STM'IATED ON A 2zOO-TURN COTL

.arl oscíl]-og:rans have a \rêrt, deflo of lov/cmn and. a sûreep speed
of 20 useco/emo
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FTffiffi D-5

få Uy 200 appLied Í-npuLse
Lower - no fai-Iure
upper - failure of 9"85fi of wdg,

FIGTIRE D-6

1å Uy 200 applied Ímpulse
Lorer - no faílure
upper - faf}¡re of 28"2îl of wdgo

DIST0RTTON TN CTJRRENT TMPUISE 1¡IA1ÆF0RI'{ FOR FAIÏ,URES

STI4ITT,ATED ON A 22OO.TURN COTL

AlL oscíllograns havre a r¡ert,, defl-, of lOv/cmu and a srùeep speed,

50 usee'/em"



FIGURE D-7

få Uy Ir0 applied. impulse
lower - ¡ro faÍlure
upper - failure of 7"7216 of wdg"

flICTTIRE D-9

1å uy l¡o cnopped lnPulse
l"olrer - no faih:ne
uppêr - failure of \Siá of lcd.g'

L3?

FIGIJRE D.8

1å ¡y l¡0 appLÍed i:PuJ.se
Lorer - no faÍhrre
upper * failure of L6il of wdgo

FIGüRE D*LO

3 by 35o crrrrent ÍmPulse
Lor^rer - no failure
uÞþer - failure of B.Oáf" of wdg"

DTSTORTTON TN CURRENT TMPUT.SE IüAVEFORIÏ FOR FATTURES

SIMIILÁ,TED C't{ l+ZO0-TUtll{ COil,

ALl oscillograms have a verto defL"o.f {/rw Figures D-fu
Ð*B ar¡d. D-9 have a sluéep speed of 10 usee"/cm" Figure D-10 has a
srreeþ speed of 50 usecr/cmo Figures D-8 and D-10 have a ver{' defl'
of lOv/crn,
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FÍGURE D*]T

1å by l¿0 appLied Í:çulse
lorser - no failure
upper - 3-tt11'?a wdg" fai-h*e

1,50 ohms shr¡nt resistor

FTGURE D-].3

1å Uy lr0 appl,ied inptr1se
lor¡er - no failure
upper - 15-t'¡rn wdgo falüpe

15 ohms shunt reslstor

FTGIIRE D-12

få ¡y 200 applied. fmprrJ.se
l"ouer - no failure
qpp€r - 3-tunn wdg. fallure

15 ohns ehunt resistsr

I'IGIIRE D-11+

1å ty hO applted lnpr:lse
lo¡ser - no faålu¡¡e
upper - ?-tutsl wdg" faÍltæe

L5 ohms shur¡t resistor

DISTONTION ]N CÜRREI{T TMPIJT,SE TIAVEFORM FOB FATÏ,ÜAES

STMII],ATEÐ ON 22OO-rURN COTI

i,LL oscl.Llograns have a $üeep #Fed of 20 usee,/cmo Figrires
Ð-11 anrl D-ils havé a verto/deflo of Lo /cmo and Elgures D-1.2 and. D-L3
have a verbu deflu of f/em"



tr'fGUnE D-1'5

ft ¡V 200 aPPlied ÍmErlse
lower - no faÍlure
upper - ?-tuflr wdg' failtrre

15 oh¡ns shr¡¡rt resÍstor

fltGURE D-1?

1å by h0 applied fmpulse
Lower - no faLl¡re
uppef, o l-turn wdgo failure
shr¡¡rb - 15 ohm r"esistor and

u25 ul* capacltor

flIGIJRE D-16

få by 200 appLíed. ÍrrytIJ.se
Lorcr - no faíltrre
upper - l5-tr:gr wdg- faílure

1,5 ohrs shunt reslstor

FIGUHE D-18

få Uy l¡0 applied impul.se
Louer * rlo faLltr¡e
uppef - ?-tura wdg" failure
shr:nt - 1"5 ohm resistor and

,25 uf' caPaeltor

DTSTOMTON TN CURRENT TMPUISE lüAVEFORM FOR FATTÛBES

SIMILATED 0N A 2200-TURI{ COTI

ÀlL osciLLograrns have a s!úeep speed 9q,20 usee,/emo Figures
D-15, D-16 aúd D-1? have a verb, def:[* of 5v/cm" and Rigure Ð-]"8 has
a nefü" defI" of Zv/ein,
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APPEbTDÏI ryN

ADDÏTTONAI OSCTIMGzuMS FOn TRANSMITTED T],fPIiTsE

DETECTTON METHOD

Table E-L lists the page numbers for the i.llustrations of the si-mrl-

ated failures shown in Chapter Vf and this appendfuc, theír size erçressed.

as a percerrbage of the totaL windingo and. the t¡pe of impulse used for the

test. The notation N and C are pSaced afber the applied, i:u'pulse to d.enote

a nor¡nal or ehopped impulse respeetively*.

Figures E-l and E-2 illustrate the results for failures si¡rulated

on a hz00-turrt coíL ¡rith a L50 ohm resåstance in the coi-L eírcuit anrl the

argnatur"e eore contai¡ed in the coil shelL" Figure E-3 i.]-lustrates the

result for a 7"9% fal]ræe when the ar"mature core was removed fron the

coi-L sheLI"

The remaining ij-lustrations represent the results for sj¡ru1-ated

faj-lures performed on a 2200-turn eoil" with no resÍstance Ín the coíL

circuit and the armature eore contaÍred ín the coiL sheLL,
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TABIE E-L

TLIUSÏTìAÎTONS TÐR SÏMI]Ï,Ê^IED FAÏIÜRES A1ÐNG

}NTH ÎHETR SÏZE A]üD APPTTED I}{FT].SE

Figure
No'

Applied
lmculse

Percent of
lfdg. Aff,ected

Page
Noo

1å uy l+oN h2oo 0,16 6l
1å by holu l+eoo 0,195 6s
1å ¡,y l+ot'l beoo 7"72 63
1å by boN heoo "o9 6z
1å by l+Otu l+eOO u7,6 66
1å ¡y l+olu heoo 7.Tz 66
1å by hol¡ 2200 "ohí &
1å ty l+oc zzoo ",oli5 66
1å by 2ooN zzoo ,oh5 6T
rå by 2ooc z2oa "oh5 6l

Côlparison of chopped få ¡y l+O an$. 1å by 200 67
Results of chopped 1å by lrO an¿ 1å by 200 6l

tå uv l+otg l+2oo T "6T il+3
1È by ho}{ l+eoo 7 o9 Lb3
1å by hol¡ h20o 7 "9 ll+3
leL uy hoc 22oa .oh5 L1.i3

1* by hoc 22oo ,o9 1¡l+
$ by 20oN 22oo "09 ilù
1å by 200N 22OO .18 1l+l¿

rå uy eoou 2zoo o3z lùl+

1+ by lroN
rfr W troc
$ by 200N
1å by 2Q0c

$ by L5itÏ
1Ë'b,y 200N
1ä br 200N
1å by 2CI0N

1å by h0 N&c
rË ry ho ruac
1å by h0 N&c
1å ty trott
1å bY hoc
$ by 200N

7-L
'l-2
7-3
7-r+
7-5
?,-6
7-7
7-B
7-9
7-L0
7-LL
7-L2
E-L
E-2
E*3
E-lt
E-5
E-6
E-7
E-B

?-13
7-il¿
7-L5
7-16
7-L'î
7-LB
7-19
7-2O
E-9
E-10
E-Ll
E-1.2
E-13
E-Ilt

2200
2200
2200
22t0
2200
22æ
2200
220A
2200
22AO
22AO
2204
2200
2204

u09

"09r09

"09
"09
"01+5
"2O
"32
"00
"CI9
"#
,ob5

"0h5olB

6g
6g
6g
6g
70
70
70
Ta

!+5
1l+5
l¡5
lù5
Ll+6
il+6

ColI. e:ccíted. through Terî11@L (1)

CoíL excíted, through Termi¡al (2)
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TÁ3IiE E-L
(Conti¡nred)

ftLgure
Non Descrlption

?age. Nou

Coil" (h) - Itigh Voltage T:lrpulse Test HesuLts

7-2I ]* ty l+0 and få UV 200 imp'utses untested eo1]. 73

+ä É,i [õ j'P"lle iestea cðt] 73

i-21 1å d' zoo-ifolflse tested coiL 73
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FIGUHE E-L

faiÏ¡re ínvolviag ?"6? pereer¡t
of the totaL wfndfng

arrp,ture core eontal¡ed, in
coiL sheLL

FTGURE E-3

faflure lnvolving 7r9 percent
of the total windir€

arnatrrre co¡e removed from
co1l shel3

FIGIAE E-2

faiLure irmolving 7"9 percent
of the totaL ninùtng

armatr:re core eontaÍr¡ed l¡
eolL shell

FIGURE E.ch

fal}¡re of I turn in 2200 coLl
chopped irryut f:urpulse

annatune core removed, fron
coiL shelJ,

FAUË1ED AT\IÐ TINFATITTED T¡TAWFORMS FOR "A rT gg LO il{PUT,SE

AppIrEÐ BET!üEE[\] TERMTNAI (l) ¿mO THE COIL Sr-rELL

The wavefonr r,rith the la,rgest amplítude at 20 useeo rrepresents
the ur¡faulted waveform, All osail-rograms har¡e a verbu defl, äE too /e"m"
and a srreep speed of 20 usecr/cn, A J"50 oh¡n resistor was connected.
between the colL shell and the l"ow potentia1' terrniral of gerærator.
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FïGIIRE E-5

ehopped t* Uy l¿O impul"se
faifure of 2 turns in 2200

FïGURE E-7

1å Uy 200 input inpu1se
failure of h turr¡s in ä20CI

FTGTTRE E-6

1å ¡y 2O0 input irn'puJ.se
faihrre of 2 turns irr ZZ00

FTGURE E-B

:Iå Uy 200 tnput fnrpulse
faiLure of 7 timns bL 22tA

FAütrED AttID UNFAIILTED lìIA\rEF0il,rs FOR AI{ r}ßutsn ApptrED

BETIdEEI{ TEAMTNAT (I) AN¡ T}ffi COTI SI{ELT

The r'¡avefo::rn r^¡Íth the largest amp3.i'bude at z0 useeo represents uhe
unfaul"ted wanefonnn AlL oseiLlograr4s hãve a verbo defL. "f :"'OO"/o*"-*"-i-a sïreep speed of 2CI useeo/emo Armature core tÍas contaíned in eoiL sliel-Lo
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, ITGTFE E-9

chopped and r:nchopped input
1å by h0 iryuJ.ses for

no faÍIu::e

tr'JGURE E-10

ehopped and unehopped irçtrt
1å by h0 impulses for a

loosely coupLed two-tu::n fai}:re

FTGI]RE E-].].

chopped and r¡¡rchopped irput
1å by I+0 i¡prrLses for an

eight-tum faifure

ETGURE E-1"2

1å fy b0 appJ.ted Í-rryulse
l"-tr¡lr¡ faÍ}¡re

FATTITÐ AI\TD UNFAT'ITED TüATEFORI{S FOR AI{ TMPTII'SE APPT]ET)

BEf,I/liEm\I TEA¡müJ.t (Z) ¿¡¡n rHE COTL SmtL

The ¡cavefom rüÍth the largesb arrplitude at 20 useeo rep*esentsthe unfaulted waveform, AlL oscfl}ograrns have a verbo defl* äg l00v/e*,
and a sûreep speed of 20 usecr/em*
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EIGURE E-L3

1å uy ho chopped Í-rpuLse
l-tur"n failure

EIGUffi E-lù

It W 200 chopped fnPulse
b-tu¡nn fatluæ

FATÍI,TED A}TD UNFAI]T,TED TfATEFOÌ]ß FOT Æ{ T}4ru]SE APPTTED

BET:t¡tffi{ rrn¡m}Im (2) aND Tffr cOrL sHEr't

Both oseílJ.ograrns have a verb" deflo of 100 /cm' and a sl"ffeep sp99d

of ZO 
"ããã"/õm"- 

mã t¡aveforsr wlth the larger oscilJa,tlons represer$s the
unfaulted lravefoflrn'


