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ABSTRACT
TheestimationproblemsfortheconventioniILsLep･tJpmethod(theobstmedbrcak-
downvo)ta巨esarenotgiyenataH)andthenewstep-upmethod(someof(heob-
servedbreakdowTLVOILagesaregiven)areanaly･LedwhentheumderJyingprobabi)ily
distributionisassumedtobeaWelbuLImodel.Thispaperisaconsecutivere-
SearchortheeasethattheunderlyingprobabilitydislribulionisassLlmedtobe'l
normaLmodel.Similarlylothenormalmodel,thenewstep-uptestmethod,inthe
WeibullmodeL,alsohasadyarl一agcscomparedtotheconventionalmethod:(1)the
confidenceinlerva]softhecstimatcsbeeomcsmaHerilnd(2)tLleestimatesc.lnbe

obtaincdwithhigherpT･Obability.ThebiasobservedwhensamplesiZleissmallcan
bereducedbyuslngthebootstrapmethod.

IndexTerms- 1TllPulsebreakdownyl))tage,Slep･upLestmethod,OptimaHcsL,
electricalinsuLatLOn,WeibuHdistribution,bootstr'lpmethod.

lNTRODUCT10N

T (:rlens;LuTs…t岩asthh.ever'T.TtYLtSee,fob,ree:ckcf,?cwa㍗.n:uo,'atta,≡:

whlChdoesnothaveaself-reslorlngproperly,cg,theln-
subt10nWILlno(beabletobeusedwheJlttlSbroken,

suchasepoxyresLn,anLmPulsetestbymCreaSlngVO)tage

･sused(lECPub60-1[1],JEC-0202[2】)Thestep-uptest

methodLSaSfollows(1)ne･nltLalvoltagelSSettOaSulfト

clentlylowstressLevel(eg,vo)wheretheLnSulatlOnWOuld
notbebroken,and(2)thestressleveLwlllbesettoa

hlgherLevel,J,L- I,o+dlfthelnSuLa(IonLSnotbrokenat

sLrcssleve) 〝｡Enm tlmeSlmPulsetests,LhlSProcedure

conL1nUeSunnlthelnsulatLOn]SllnaLlybroken Tfthe

breakdownvoltageltSelfLSObtalnedwhenthelnSulatlOnLS

broken,thetestmethodLSCalledthenewslepILLPmet/tod,
whileltlSnotObtalned,thetestmethodlSCalledI/le(co'L-

ue17t,Oltal)slepILLP/'7eThod(HlrOSCl3])

Whenthelmpu)SebreakdownvoltagefollowsElnormal
dlStrlbut10n,N(FL,q2),wlthmean,FL,andstandarddevla-

tlOn,α,HlrOSe【3日.rslrecomnlendstheuseOHheparam-

etersoftheunderlym gprobablLltydJStrLbutlOnratherthan

theuseofthemom.nalbreakdownvoltage,andsecondto

usethenewstep-L)Pmethodlrtheobservedbreakdown
vollageLtSelrratherthanThetwo-valucdJnformat10nOr

breakdownandnon-breakdownlSaValJable,FromavleW-

polntOfstableandaccurateparameterestlmat10n ThLS

Ma'zuscnlWrt･eeLLt･da,z23Ju,"I.ry2003.･nJ7･川Jlorn25NoLt,"Zber2003

paperdealswlthaveryslmllarproblem to【3],butthe

underlylngdLSlrlbut】onlSassumedLobeatwo-palanleter
Welbu=n10del,whJChlSmuchmorereallStLClnImpulse
breakdownofeJec(rlcallnSuL{ltLOnWhlChdoesnothavea

self-restorlngProperty RegardLngtheconvenllonaLstcp-

uptestw)ththeWelt"lLmodel,HlrOSel4]lSreferredto,

thISPaperdescrlbeSthecomparlSOnberweentheconvcn-

tIOnalandnewstep-upTrleLhodslntheWeJbulln10deL

2 STEp-UPTESTWlTHWEIBULL
MODEL

WeassumethattheunderIylngPrObab)lLtydlStrlbullOn

Forthe breakdown vo一tage followsa two-Parameter
WelbulldlSlrlbutlOn

P - P(V _<I,)-F (I,,,I,β)-1leXP
日;)p巨 )

whereTlandβarescalcandshapepar̀lmCterS,reSPeC-

tlVelyThcl一,mean,FL,2LndstandarddcvL{ltlOn,cr,are

p-qr(1'1/β),q-訂 r(''2/βH r(.'1/β))I

(2)

The-mpulsebreakdownles【bythestep-upmethod

startsalaverylowstresskvel vo andc0.-tltlueSuntLlthe

lnSulatlOnlSbrOke1-atSOmeStressIeveJレ,-レo+,A Tf
eachtestpleCelSnumberedas1,2, ,I.,wcobtalnlL

sampledvaluesofI,,(A),(A-1, ,n)
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ByexperlenCC,WCm̀lyassumelhalthecocfrIClCnLor

varlatlOn(rat100rStandarddcvlatlOntOmean),CL,,lSloI

caledlobe003≦い′≦020ro√non-se汀イeSlorlnglnSuIa-

110nThlSTangCCOrreSPOnds｡PPrOXlnlatelyto6≦β≦40

Thus,wcdca)wLththecasesherethatP-6,8,12,25,40

whlChcorrespondsapproximatelytocy=020,015,010,

005,003,respecllVCly

3 ESTtMATIONMETHOD

SupposerlrSIthattheblc'lkdowTIVOltzLgelestISdoneby

theconvent10nalstep-up mclhod Then,lhcllkellhood

runct10nforthelestscqucnce)sdenotedas

LF-nlkF- (3)
L･-l

and

J(A)-1

/I-F(V.(.,)(ト F(V,.～,))"柵 -1n ()-F(vJ))"I(4)
J-0

where〝I(k)denotesthenumberorstrlkcsunllhheln S u -

lal10nISbrokenaltheflnalstageI(k)forsa.TIP]ek TllC

叩 reSSlOnI.It.A)Cal-beconsLdcredaslhcprob･lbtlLtyOfan
cxtcndcdgeomcLrlcdLStTLbutlOnthatthelnSulatloz=srlrsl

brokenatstresslevelJ′∫(kl

SupposenextthatLhcbreakdownvohagetestlSdone

bythenewstep-upmethodThen,the1)kellhoodruncL10n

forthetestsequenceisdcnotcdLlS

L/-rllE (5)
l-I

where

I(A)-)
lf=f(V,(A,)fl-F(〟...,))仙り~'Tl(トF(I,I))m (6)J-D

VolIl,No3,J,LJ,e2004 4]9

and

I(V,-(;)(;)p-lexp(-(;)P) (7,

Therand0--1Va,iabk V(A)isobta･･-cdunderthecondLlion

thatV,(A)≦ 〃l(A)･

Theesl･mates,fland β fortheconvent･onalstep-up

method,canbeobtaJnCd bysolvlngthelog-1lkellhood

equatlOnS

∂logLF/d71-0, ∂logLF/Oβ-0 (8)

SomeltCraLLVemethods,eg･,theNewtonmethod,can

beusedtoobtaintheestlmalesortheparamelersTheir

conrldencelnterva)sarecomputed usLngtheobserved

FLShcrLntormat10nTTlatrLXHowever,cquattons(8)maynot
havesolutIOnSLnamathcmaLLCalsensewhena_leL̂,/<2

(seel3])

Forthenewstep-upmethod,thesolutIOnCanbcob-

taLlledbysolv111gthelog一日kcllhoodequilt10zIS

ologLl/3,7-0, ∂logLr/aβ-0 (9)

IIshouldbenotedthatequation(9)hastheso)ul)ons

Withprobab)))ty1,unllkethelog-1ikellhoodequatLOnStn

theconvenlJOna)step-uPmethodThlSbeneficialproperty

lnthenewslcp-upLestprocedurelsaJsotrue,slm)Jar)yto

thecaseLhtLHht=undtS]IylllgJISLTlbuLIOHlSal10日1-altypc･

31 EXAMPLE

SupposethatthebreilkdownvoILagesoblalnedareex-

actlythesameasHlTable)lnl3】ThestartLngStressIcveL

IS500,lllCStep-uPSlressls50,andm-1.Then,themaxJ-

mum lLkc))hoodestLmalesfortheconvcnliona)step-up

Table1.BlaS(e)andsL･et0)ortheesLJmateSlntheCOnVCntlOnaIslep･uPmethod
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methodaresuchLhaL句=3290andβ-7523 ThcaP-

ProxlmatCStandarderrorsfor令andβusH1gtheobserved
FLSherlnrormatlOnmatrLXare269_8and).787Lnthecase

orLhcnewstep-upmethod,themaximumllkcllhoodcst卜

malesare令-3157andβ-8625{llldlhelrapproxlrnate

standarderrorsare1706and1486Thestandarderrors

FortheesllmateSLnthenewstep-upmethodseemlobe

sma日erthanthoselllthec011Vellltollalstep一LIPmethod

ThlStCndcncyISgenCrallytrueasWIHbcshownm lhc

nextsccL)onThlSISLhcsccolldbeLICrlCl'llPropcrlylnthe

newstep-upmethod

4 0PTIMALTESTPROCEDURE

Letusdcrlne,SlmllarlyLo【3],theasynlPtOLICerrors,S(Tl)

and∫(β),ror77andβ byLhesquareroot0reaChdlago-
naLelemcntof-theInversematrlXOtI,lVhere

E(等 )E(砦 )
E(憲 )E(% )

lfthclnsulalionLSnotbrokenatlcve)I,theexpecLiltion

ofsurvIVlngaLIeveH forILestpLeCeis

E(t1,,0)-Il(ト r(vJ))''■ (JJ)
ノーO

Irthe"lSulatlOnISbrokenilllevelI,thecxpect̀lLIOnOr
rallureatlevelIforItestpleCelS

I-I
E(W:)=Fl(V,)()-F(V,))州-Tl(ト F(vJ))m (12)

ノーO

Thereforc,eachcJcmcnLorIfortheconven(10nttIstcp-

upLest)sexpressedas

E∂21ogLrOOu∂Ob∑E(}･,,0)E∂2log(トF(V,))
∂OaOOb

･FE(W"E(篭禁 ) (13)

andthatForthenewstep-uptestlSexpressedas

E(諾 )-F E (～:･)E(

+∑E(～.I)E

∂ヱlog(l-F(〟,))

(14)

WhereOL, OrObdcnotcs-70rβ MorcspecIrlc,llly

E(iiT )--; (-等 )2

号 li y･Z･(I-P(y･-.,,]･

E(fig )--;(-警)(yLZ..OgX･,
･il-三y･Z･(I-β(yr-"Iogx･)] (,5,

E(篭 警 )-一芸(y･Z･logx･,2
･三[-y･zjy･一･)(.og･r･,21･

∂Llog(I-r(V,))
I)711

∂2log(I-F(〟.))
(771L)β

)-一計 等 r

一三liy･Z･(1β(y･-",],

)--;(一等 )(y･Z･･ogx･,

-il一三yJ･(I-β(y･- I,･ugx･,]･

･72log(i-r(U,))
∂β2 巨岩(y･Z･10g･r･,2

一ニトy･Z･(y･-.,(･og･rL,2] (L6,

E(fiT Iv･<V･)-三l二等 I(V,d･′,

E(誓禁Iv,<"･)-i/:ifi# f(･′)d･ノ

(17)

E(半 日 -三上等 ′(〟,dv･

∂210g/(y) β(I-(1+β)y.)

d712 712

d2logI(V) 一l+y,(L+β10g.I.)

aTl∂β Tl
(J8)

竿 -(一芸-y･(Iogx･,2)･
･vhere.T,- V./Tl,y.=X,P,I,=cxp(-y,).andp,-F(A,.)-

L-q.
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S(6,-節 ,

nLe(令)ニー7 - ,"Le(a)=卓也 (21)

√βS(令)

β

where,M denotesthenumberofsuccessfulestLmtltlOn

casesTableIand2showlhebItLS(0)andSue(0)rorthe

estlmateS令 and β whcnβ-12 Comparl11gtheLH1lt

asymplotLCerrorsInFlgUreS1and2wlththesLmULaLLOIl

results,meallandstandardtzederrorlntheslmulatlOⅠ-

agreewellwlththeasymptotLCValuesaslongasl11Slarger
than20Ttcanbeseellthatthecasesmwh)Chwecannot

mÌIc.Theboolslr{lPProcedureIS̀-SrOIEowsToeachesLL-

matc0,,Weobtaltl0,I,(]- i, ,♂),us日.gtherandom
varLablesgencratcdfrom F(〟,句L,β.)Ifwcdef･E.e

J Ll-

or群=盲J宇】∂- (22)

then,theblaSreducedesLLrnate0,lSCOrnPutedby

O,=20,-0,* (23)

Thebootslrappcd.me(0)lSCOnlPutedbysubsllLul"lg0

toa-.n(2L)ThebootstrapmethodworksweLI

ThcproperlJCSdcscnbedabovearealsotrueWhenβ-

obtalntheestlmatCS(notnumer.C{llly,butmathemaLIC(lHy) 6,8,25,45

arenotrarelntheconvent1011alsLep-uprTlethodwhena
LSSrrlaHsuch'lSrl≦10Whend/q-10atldll-101nthe

conventlOnalstep-uptest,sLLe(令)dlffersfarfrom e(Tl)

duetoverylLuleLnfornlatlOnaLFL-U OIFL-2(∫,thlS

lackoElnformatLOnCanbecompensatedrorbyusLngthe

expllC)Lbreilkdownvoltagevaluesm the new step-up

method,andtherebysLLe(令))sapproxlnlatelythesameas

e(77)

sLLe(∂)whena-10anda/q-lOTl-enuI-lberordraw-

1ngSlnthebootstrapproceduretsseHo100toeachesll-

6 DISCUSS10N

61 THREEPARAMETERWEIBULL

MODEL

HErOSCl4lIre(Itsthethree-parameterWelbulh-10dcI

whlChHICludcsllleEocaLl0nParameter.γ,andhccol1-

cludesthatthethree-paLameLercasecaTlnOlbeusedln

gcneralbccilllSeOrthesubstanllalesLtmatlOnerrorsIf､vc

ToreducethebLEJS(0)andjue(0)whenn lSSmall, deflnetheZLSymPtOtlCunlterrorsforthelllleC-PLlrZlmeLer

theboolstrapmelhod(Efron【51)maybeappllCableTabJe model･lS,

3shewstheboots_Lr….pped resultsfortheb上ds(∂) and e(刀)-S(V)/(vP),e(β)-S(β)/β2,

e(γ)-3(γ)/(Tlβ), (24)

Tab一e2.Bias(∂)and∫LLe(6)ofthecstLmateSlrtthe'w step-upnlethod
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∃
J･SLJJJ=什･M numberoreSt川Iale5SUCCeSSrul)ycoot" Lじd

Table3.L31∈lS(0-)andJ'Le(∂)0川-ebootst'.lPPCdcstm tCSIllthenewstep-upMelhod

4̂ b■as(令) 3'Le(令) btas(β) JLJe(β)
01 10 1000
02 LO LOOO
()5 10 1000
t0 iO 】000

000135 2O3216
-0(氾143 L69528
-0(虻氾90 L3OOt)4
000日0 日2561

I029660 0704733
-018206 07O9945
-0OO705 O747083
023508 0747230

∋
J･SlJJJ-FL M numberolesLLrrulLeSSuCCeSSfuLLycomputed
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theseerrorsarcnotaffeclcdmuchwhenβ vLlrlCSlnthe

conventlonalstep-uptestAsforthenumerlCalexample,
a(β)=08Whenβ-8,whlctlmeansthatmorethal14000

samplesareneededlfwercquLrethelO%standardcJrOr

Forβ ([4])Th.～tcndcncylSCOnSIderedtobcLrL･C日日hc

newstep-uptestmethodThus.wed0--olgO (kcply=-1o

thethree-Paramelcrcase]nlhlSpaper

62 1NTHECASEOFFIXEDLOCAT10N

PARAMETER

T hlSPaperdealswllhLhccasethatγ冒0,WhIChlSOften

dlSCuSSedm fiulngtheprobabLILtydlStrJbut]Onmodello

thedataObtainedfrom lnCreaSmgVOltagetests llcvLS

)ocatedln003<cu<0_20,theshapeparametervarleS6

<β<40asstatedabove.However,LfweknowthesITictly

posLtlVelocat10nValuea/)nOn,thevalueofβ nlayVary
evenlVhen003<cv<020However,therel)abllltyOfthe

csllmaLelnSuchacLlSCCanbcguessedlngenCralbyusLng

lhCrCSullsobtaLnedbythJSP叩erandl3]･･-wh.chthe

cZlSCOrSllZlPepalameLerOrilrOUnd34･sdealtwILh

7 CONCしUDING REMARKS

Ta?el,eSt,I.TaLe.nt_hsee.r'_rep,i:is,?ngbree;ekcdt?.tcvanl霊 tt?.ga註 .i:,CC.Uhri

zleWStep-uptestmethodLSrecommendedwhentheun-

derlylngPrObabilltydLStrlbutlonisassumedtobeaWe]bull

modelThlSpaperfirstrecommendstheuseortheparam-

etersoftheunderlylngPrObabilltydlStnbution,C･g,the

scaleandShapeparametersSecond,itlSadvantageousto

usethenewstep-upmethodlftheobsen′edbreakdown

voltageItselfratherthanthet､vo-valuedmrOrmatlOnOf
breakdownandnon-breiLkdownlsavaLlableUsLngthenew

step-upmclhod,thenumberorlestspec-menSCanbesub-

stantlaHyreducedCOJT)ParJngLothat)ntheCOnVenlional

step-upmethodfortheesllmateOfshapep;LramClerThe

opltmalLestprocedurelSOblalnCdwlthlargera/q When

stlmPleSIZC)SSmalい hebootstrapmethodreducesthe

blaSOrLhcestlmate,ParlLCularlyfortheshapeparameter
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