msAnTeilgmmsideudnmusunanawswmaslusiosinmmyulaens
NAFaUAI83S PDC
ANALYSIS OF THE DEGREADED STATOR BARS FOR ROTATING MACHINE

BY PDC TESTING
Tne
weturusl  wd
wvwalgats  ufef
wenigale Wy
WNEUINT NHNAS

U%qgﬁg'lﬁwuéﬁaﬂuéfswﬁwaamiﬁnmmmé'ngﬁﬁmﬂﬁumﬁwsﬁmﬁﬂ
aavamnssliii andaanssuaans
dnriunalulaginssasundniaumnisainnszs
Unnsfinwn 2561



mseswidgmmadeuanmuasunalnsinainasiuniasinsvyulaens
NAFDUAYAS PDC

ANALYSIS OF THE DEGREADED STATOR BARS FOR ROTATING MACHINE
BY PDC TESTING

Tag
unglRANYULl BN
uEigATe ufiaf
wnenigaty A3
UIYSUANT WIS

v
s

¢ & o W a v oA
Usyayriinusililudumilsvaesnisiinenunangnsdnssuaansiudia
A IAINTIUINA AudAInTsuAIEnS
aotumalulagwszaaundninaammsainnszls

Unns@nmn 2561



ANALYSIS OF THE DEGREADED STATOR BARS FOR ROTATING MACHINE BY

PDC TESTING
CHALOEMCHON WANG
NUTDANAI KAEWDEE
NUTDANA SRICHUEN
THANAPAT POUNGPAT

A PAPER SUBMITTED IN PARTIAL FULFILLMENT OF THE REQUIREMENT
FOR THE BACHELOR DEGREE IN ELECTRICAL ENGINEERING
DEPARTMENT OF ELECTRICAL ENGINEERING FACULTY OF ENGINEERING
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG
2018



Un15fnw 2561

mﬁmiwﬁﬂmmﬂm?ammwmawma'mﬂmaL@aﬂum%ﬁﬂwquimami
NAADUNIEIS PDC
ANALYSIS OF THE DEGREADED STATOR BARS FOR ROTATING MACHINE BY

PDC TESTING
Iy
TUSIOHIE Y
PRI telo
Weaignily ASTU
YIEFUNNT NIIWHS
el 2
219158NUTNW

IAATUTIATYY  HAULAY



o gl

U3yeyrdnustnisdnw 2561
AedyArnssulni
AuyImNsIumand antuwalulagnszaeuinaidnnuvmsainnseds

309 MslmnenlymmsidevaninuasunainainatnesluiasesdnsyulagMmegey

#1878 PDC

Qs ]
HARYIN
Y
1. WIWIRALYU Wi
2. Wisunigatdy Wi
3. wenigaly AU
4. YesUNNg WUIHAS
\

ol a2
.................................................................. 219158NUSNWN

(509PN@RTI5E ATUSIAITYT  WAILAY)



N53LATAURNINTSLERNEN NYBIUNANHLABLADS lULATBIINTNYULAENNS

NAFUAI8AS PDC

WAl ¥

weglgatdy  wid

wedignds ATy

WBsUAMT  WIEmS

SAASUSATYY Raey  919sETUinm
Unsfinw 2561

2
o LR

Uarinusatuiliinsdnwin sidaduauiuveuasadninanyy lnemsinsiet
nszualnanlsduaznszuaiinanlsd nsneasszulsvliavesawiuvennsesdnsnanyuily 2

ngu nauksnAsvaaInaminesvetAIaanilalwitndaul sedvauiu Aand B Ain 13.8

2

Alalaad awimsfnyinavesriuiou laeniseuduiwiiediassnisldnuiigumgigni

U

=

grumpildnuusnd, gampiigeanaufinanisldeuauiy wazaamgiiiigeninidnnislda
awau fo 100, 130 uar 160 ssieaidoa mudiu Tnesniseuiunuiiudazgamgdduie
6, 12, 24 waz 36 Halue uenaniud FmsAnwtumvemuuidesanuavesdudses ey
PnmeAsUearATIAUTIND | ndufidnsfeatnuvesinaminainine ivameines seiuauIY
fand F fifa 6.6 Alalias azviin1sAnwnavesmufeulnsmssviusuiiohaosnisldawd

= ! =

pnumgildandind gumglasningumgdliiudsnd tazgampfifiganinfitenisldnuauy fe
100, 140, 180 haw 220 MudAy MdsnTuaminsianudnvzauTAmihvssauIude
Bnsianseudlnanlsiuasnsyuaiinenlsd deyefldaegrinluinszidnunesusimwemnseud
Adnsdndseglain wazAunnmesndanugyiUdwesauu ethluussyndiumsiingiza

Unymveaasesdnsnanyusialy



Analysis of the degraded stator insulation for rotating machines by PDC
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Assoc. Prof. Dr. techn. Norasage Pattanadech Advisor

ABSTRACT

This thesis is aimed to study the insulation diagnosis of the insulation of rotating
machines by analyzing the polarization and depolarization currents (PDCs). The rotating
machine insulation was divided into two groups. The former group was the stator bar
insulation of a 13.8 kV hydro generator (class B insulation). The prepared stator bar
insulation specimen was undergone thermally stressed at 100°C (the temperature above
the normal operation temperature), 130°C (the maximum specific insulation temperature),
and 160°C (the temperature above the maximum specific insulation temperature). A test
specimen was heated at the given temperature for 6, 12, 24 and 36 hours respectively.
Then PDC measurement was performed. Besides, the stator bar problems caused by
carbon powder contaminant including high moisture content problem were simulated and
the PDC measurement was performed. The latter group was the stator coil insulation of
a 6.6 kV (class F insulation) motor. The prepared stator coil insulation specimen was
undergone thermally stressed at 100°C (the operation temperature), 140°C (the
temperature above the normal operation temperature), 180°C and 220°C (the temperature
above the maximum specific insulation temperature). A test specimen was heated at the
given temperature for 6, 12, 18 and 24 hours respectively. Then, PDC measurement was
performed. The PDC shapes detected including the calculated capacitive ratio and
dielectric dissipation factor could be used as a tool for analyzing the rotating machine

insulation problems.
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wiluagtudlunssadinsnandinisldnseuiuns Vacuum Pressure Impregnation

(VP Fsannsaldliiuunmaiassdiu IohlmAanuudussliunnfusansiagus 2.9
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JUT 2.9 Inssasnaveunainainines
TAssas1eszuuaululuvnalInanes (2]

aulluvaaamnesUsEnaufmenarsdauiinmeiudndiuasdasteiulild
\Aansaaamiala waetessuieanuieuiifannanugddludiigndeludauns
svUeAL5oU (Heat Sink) wazdagldlyidinininnsduiliosainusimausinin dwdszneu

AUIUTVBIVAINAALABTUTENBUAIBAIUAI9RITUR 2.10

G N

Armor Tape

Stress Grading Tape

Conductive Tape .

Mica Ground Wall Tape

Mica Turn Tape

Strand Insulation .

Copper Strand

N\ )

JUR 2.10 Tassadesruvauluvaainanmes [7]
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1) Armor Tape

agtuuangavinihilostuseslinviufifinainiaviuiuuenuiausaduaInad

VLIYAWIY LAUUDLILADS

2) Stress Grading Tape

9gsiaa1nYu conductive tape dnmantivisansriuwsItuilnliiuTuLsItaa

Inelegiu nsguIun1s Vacuum Pressure Impregnation (VPI)

3) Conductive Tape

utfdestuniafialalsun ngasvinlvaurnladrsevgfianudusedeou
(Uniform field) Tngazaneaniuliosveinisifiafansaseninsiuenainiutedivaden

4) Mica Ground Wall Tape

JussAvsznaufiuensgminmdivesasiunsnnfimlasannas Inaegiawin
dmivegmsldouluiauesiwesuasuawmad dymastulifsvglasunansanlai
AUTEU KaYAUASEANIING tnptulifasdiAninuTaunge wWwadislunssyuiendy

Saunonainfumesd wazaedluflnsionnimnsizazylrnsszuiennusouriladias

5) Mica Turn Tape

9g50ULDNYBITY Strand Insulation ¥niAitesfunisfonifisuluusiayina
iloanniiniswuuuy random enaagitiliimasatuetfniu daddudifamwidomeens
Vivuamesvisauuaimmesifianstenald engmsldauves Mica Turn Tape azanad
Slofausedu  @etu ieluuisadioniiensienzald ludagiulimmmensnluns

5GY Turn Insulation iy Strand Insulation WAIEAULTAAAIUIAVBAIULUBLIINES

6) Strand Insulation

Jzaghniumiineswas Mndiduaurudesfunseualuasuiuluidazun
Wesnniunaiadvwinlugifuluasinlvifeuavesnseualuading (skin effect) vivlvlinasa
nsluaresnszualumin Fuiwnanindedweslangazyiniseusiuduidufieliiinnis

wdeushilutuunfinaaudBiluauufitanuieusagmuanuioulss

7) Copper Strand

o v o & a | P a
Mutiuniaduvesnsesalwdnlasainunuiazliuin fesanazsiinnavas

nseudlvanin (skin effect) Togaziinsuiunnudeuluia Ground wall
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TngaruUsznouaswadiduiiesd@iudsenauidesiuylugeuduaniseanuuy

wazipiavenaniiavidentd

2.2 Ysngnisallwanlsdiedu (Polarization) [1,5,8]
Tusagfauauluanngneliauulwidsdifiamsandruanlugihau ngumuen
didnaseunardszquinaelueyneuvieluanavesauiasiinnsitesiild lnedszquan
szi3pafnufianisauiuliiinieuen wazngunuendidnnseuaziiosdraruiianig
auniliimeuen dliluanadnnsmuiiuanmoinssudeioonindsdidnaseuti
Uszquinazuenviiseenainduldliifunuautimudamguuesiusreneuiug anms
BusilmivesiuananisluauiliAsmsassaualnihnsluauiudndulaedfana
aumatuausliihaeuen wiiesnnawslwihamelufifetiudald fomefiaginds

=

915 = ] 2/ 5 & o =¥ - =l .
HUWMIWWTJ’]T E.F‘Uﬂﬂlﬂ‘ﬂﬂ‘ﬁllﬂ‘{IQWWi%ﬂUWﬂJIWﬁ"IaWﬁﬂLﬂﬂﬂum%ﬂﬂﬂ’l%ﬂ gatuiuawulai

| =l

aneuen Fond auwvestnanlsdisdu nandedindiusegrundesyiifnauiy fgud 2.11
Wy 2.12

U7 2.11 neAnssuvesUseganizuni [8] U 2.12 Usngmseilwanlsdied (8]

2.2.1 maiiausngmsallnanlsdiedunidenmauinvasauiu

msAalnanlsdietuiuariietuldfneddetauulniadwaveniouonu
o @ s 3 = s [ q‘d =1 =3
nsgyhiuanauiutuT lagfinnsanaindufudsegfidauulnilaedgyynmduauiy
AU RUuTetauIN N dudndiudunnmesauiulnid wazdlavesiafdndu
Aasuludsaunis
D=gF (2.3)

awnlnifegnrelugainia azifausingmsailnanlsdisdulusedvez ey

q
]

'Fﬁﬂ’J’lﬁJﬁ’lll’l‘iﬂEJ’E]@J‘i‘lJlﬂ‘UENlﬂE]Lﬁﬂm‘iﬂ‘tﬂﬁ&lWUﬁﬂUIWﬁﬂl‘i‘ﬂh‘ﬁﬁumﬂmﬂﬂ“ﬂﬁ? FaANNIS
P=ye,E (2.0)
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Amuasaeensuldveladidnainvinfuaudluagyainie WAL NS
Usngmsaliwanlsdietuluauiunds Inefianuduiusiuandeosinfi i seaums
e=¢g,(1+ ) (2.5)
Tnanlsdiedufiintuezifaniadsafuivianisamdvauiulaii lae
ANuduRussznIninalsgetuiuanuruniuresaw Wi wanslansaunis
D=gE+P=¢g(l+y)E (2.6)
NauN1i19sy wudrlsngnisallnanlsdieduaiuisonseglalaausiaain
awlinieuen TaenszuaunsiinailseduduasilfAneiumnuiuvesaulni
lonszurumaiaesisiuagriliimasiinaidaiuiie dwalfnauazanufituegiun
ANEsapeNsuUldvesAladidnnasn
Auaudfvesauiululaiuuia) dwaduanunuiniuvesnszaaliiwaz e du
mM3novauattatat uievlRaseuUAGUUT NN SEIMINEN MUEs MIYINTELALAENS
ANENTELAGIALNISAGAMEnS Bususeaunisvaswindia awnlwih () afeany
wuuunszsd J(1) dunasiuvesnszuanisiilviiiuaznszuanisnsydn (Displacement -

Current)
dD(1)
dt

VxH(t)=J(t)=0,E()+ (2.7)

ga % A Yiuimsaawiivesian dvdunisinailsd P@)vialviiAanisin

nszudalihaiunsaldounisnszdnlinsaunisrelull

dE(1) dP(1)
dt) (di

dloawwlnih E(1) mmmﬂ‘[@aﬁm‘uwuwlﬂ H (¢) waelyunnuaduounaym

J(l) G-OEO +S:1 ( ) (28)

E, fedimsyuilulamunaegldmumnwivuesladhdmundy J()
J()=0,E, +&,E,[e(0)d()+ [ (D)] (2.9)
&(0) =1+ y() (2.10)
dlo &) Lﬂutﬂaéﬁmﬁﬁgﬂaﬂmﬁqa
dle 60 L‘Tjuﬁ@ﬁ%’umaﬁwu@uauﬁuéwmﬁaﬁ*ﬁ’u*ﬂ%ﬁulﬂ H(1)

L3
=

do  f(1)  uanedeileitunisrovauevemuiuLians deuandiidiuin nantufue

q

i
& aa o e

AnuansalunsyevsulivesAladidnasnuseadesinndndunns ¢ Heddu £ (1)

Wuanduanwuudsdy

dx(t) de, (1)

2.11
. (2.11)

J@) ===
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2.2.2 slamsiinusingnisainianlsdiedu

1) Electronic Polarization #50 Optical Polarization

Electronic Polarization fie nsyuiunsifialnanlsdiedulussivesnouvaauiuie
awegngldanulninneusn YssauansaznguruendidnaseussinnisiSesdialng ue
< & oA b A = @ = - o §
Wasnnusnawdlnihmeuendudidmuniedieuiuwssdnmioinielusgnouiili
nsisesimiensliadivesusequinuanguuuendidnaseuifintuisadntosdawallal
Aansgydenaluiln Taenszuaunisdenarnfnduatelunaivszuia 10 Jund

wAnIRagUTt 2.13

E
—— P

ELECTRONIC POLARIZATION
;a:'l.lﬁ 2.13 Ui?ﬂ{]mifﬁ Electronic Polarization [7]

2) lonic Polarization, Vibrational Polarization 158 Atomic Polarization
lonic Polarization &0 nizurun1siAniwanlsdietiudiintutvauiuluguves
Tuanawustlosedindeszneushelessuuinuarleseuay esgmeldaulninisuen
danalifnnisduvoduanavazarauanduduluanalugld Taonszuaumsiananlding

nainUsgana 1012 3u17 831031 Electronic Polarization wanagiasui 2.14

. IONIC POLARIZATION
‘gﬂﬁ 2.14 Ui’mgmitﬁ lonic Polarization [7]
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3) Orientation Polarization %3@ Dipolar Polarization

' v '
I =) = [ -]

Orientation Polarization Aa nszulun1Tinalsdieduiiniudiuauiuid
luanauuuietan13s (Permanent Dipole) Luananmegluauiuiinisdniiesieganszdn
d(l =l o [} =l s =l s ] =
nsza1e Wedauwlvwinaeusnuinszyiezdwalvluanainisdaseedludauiianig
aurnlvdinieusn Taunsyuiuni1saanadtaiainisiinuszunai10® Jund deginan
lonic Polarization LLamﬁ&gU‘ﬁ 2.15
—

e P

% | |90
P® | | co

. DIPOLAR POLARIZATION
JUR 2.15 Ysangn1sad Dipolar Polarization (7]

4) Hopping Polarization
Hopping Polarization #ia nsyuunisinanlsduaduiifstuiuluanandseiudu
Wi Weluanaldsuauulwihainawuendwmalddnasaunselanainsiunmilaluds

Anduiamtledalseautunaaauiasiurilmiatesing (Hole) wWisudiauingesinetiu

ndeuiinseiutiniudianaseudsilifausingnisallwarlsdiedulae nsguiunsdenany

Tdnainisiiauszanas 10° 3% 99101 Orientation Polarization wanawasu 2.16
Y
—

E=0

HOPPING POLARIZATION

]

5U# 2.16 Y5n9n158] Hopping Polarization [7]
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5) Space Charge Polarization %38 Interfacial Polarization

Space Charge Polarization e nszuaunsinatlsdiduiiiniuluanshesa
waginesled esnnmsuninszaneveslessulngluaniizuniusyquinuagngunuen
didnmseuariimsdnSesiaiilusyfeuidlongneldauslnineueniliiAnnsnszany
ilasdszquanuarnguvsandidnnseuazindeuiiusnaenainfularayniafenaiies
\nAeufinnazayfurinusesrovesauiudesylinfideesinfin Insudnaignizenda
Space Charge Polarization Fedamalinsnszareinvesauulnihmeluilesuiuindouly
Tnenszuaunsdnaildnainsidauseunas 107 Jund luaufedalus Fadandn Hopping -

Polarization LLamﬁﬁgﬂﬁ 297
-
E=0 NN,
I
= §
© : @ D
|
@ | S @)
|

INTERFACIAL POLARIZATION

® @0

JU#l 2.17 UsIngnnsad Space Charge Polarization [7]

Space Charge

Polarization

Hopping
Polarization

Orientational

Polarization

Atomic

Polarization, P

--------- Polarization

Electronic

Polarization

v

15 -10

10 10 10 ° 1 10°

Time (S)

JUT 2.18 sreganaiaunngmsailnanlsdeduusiazyila 7]



&

2.3 nszudlnanlsdiwdunaznszuadlnanlsdiwdu (Polarization and Depolarization
Current) [1,5,8]

2.3.1 nssualwanlsdiwdu (Polarization current)
oo ulsanunsehansd i uauIuTe9unaIne1sL1asRdmnesazLAnnIg
Twanlsdudn Interfacial Polarization Wundn 1He991n217IUY03URaIRNSUL 0 NdLnLnaS

Usznaumeluninausduiludiulng Waianisinalsdizldmnianseualnanlsdiwdu

(Polarization- Current, i) Inenszualwalsdedulunagefusenaumes 3 du

1) nszwanU137 (Capacitive Current, i) Renszudlnihiinanuavesdufu
Usrgmeluauiudeanasedwiudiviule

2)  nsvudnngy (Absorption Current, i) AonszualnidiiAnannnszuinnis
Tnanlsdaduneluionuy

3)  pszuan1suilwda (Conductance Current, i) Aanszudluiinfiiinaina
ANl vesian

A

2 . DC Voltage (V)
E . icharging
% . iatusm;’_-tic_m
- . ' capacitive
. iconduction

ERS—

10’ 10e' 10e’ 10¢’
Time of Voltage Application (S)

10e" 10e’

JUN 2.19 esrUsenauvasnsualnalsdiedu (8]
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TunsufiRumgyhmaneasuiudaysesdoufivinaieuududeinindesdyld
Fatunszualwanlsdetungdseneufonssuadilvasuegmelnonsyuadilnaidunsuuad
aunsninlalun1eufuR (Practical Conduction Current, icongpractica)

i = i,_. i, +i,, +i (2.12)
+1, (2.13)

nzwalwanlsditulumamguiuansladsaunisi 2.14

pol( praciical )

4

con( practical ) c‘t)n

(y=C, V[—”+ac5(r)+ ()] (2.14)

0
laedl  C, fie AAnuglwiviusaadia (Geometric Capacitance) vasingnadey

po.'

v, fe ussunseuansefildlumsvaaeu

=

g, fe mmmuﬂw%ﬂmt,amqma*nﬁ (Pure DC Conductivity)
£, Ao ANUBSIART GUDR @eysuInA (Permittivity of Vacuum)
Epp D AesndiRduins (Relative Permittivity) iaanSusiu @ 0 urd)
S(t) Ao Wandumann (Delta Function) q?iLﬁm%umﬂmaﬁhmmﬁugﬂ%uﬁulmLLUU
viudvilaldfuimgmaaeuiiian@usy
1() e Mndunansuausivesrladidnyisn (Dielectric Response Function)

NEUNSA (2.14) @unsauvanseudalnanlsdedueandu 3 weau lnsail

U 1 s ¥ & Qs o ¥ d’ ]
woy — Wuwmenianuduiusiuaranudilnianeluileauiukazidumauily
£

as A U g i o I s s
Fufiunsrvaunsinailsdeduvesaunn wen < asdnngluwmeivhmsioussiulify
&

avuuituddunerasduvenAlnnudunusiunseuanisun i wesauiu

e6(f) Wumeuifanszviunisinarlsafldszezirarlunisiinginisy nns

WasuwUaswavasnseiaiesinds llamnsavimsialaluniaujon

1) Humendfianuduiusiunssuiunisinanlsddusimuniiintunieluide
aulusnIunseuunsiwatlstedunldsrozinarlunisiinsiasnailananlulumaes

= & & [~ = e o & aal e
£6(1) BetlwandagilumannianuduiusiunseuanU3nnuag nsyLag Aty

232 nszudflwalsdigtu (Depolarization Current)
wnyhmsdnisasvenasiiemeUsygasnimagyibilianauasseglninianis
Fead1gniruni@ nszuan1eUsey (Discharge Current) idnlaaggnisuniinseua

Alwanlsdiedu (Depolarization Current, Idepol) Tngnszuadlwanlsdusznaumnie 2 diu Ao
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1) nszuan1U1BAWAay 159 (Capacitive Discharge Current, iischareey) JUNTUA
Antunazanasasauiviulnaeifnunrmieunseuanu dimefusidansatudna

2) nszuaRAuRav1§e (Absorption Discharge Current, ianischarge) Junseuafidlan
adlutwusnuazidioauiumeyseaeyilinszusanasazmiloutunseualnanlsdiaduusidn
assfutunardmiunszuaiinanlsdiedulufidinusenevvesnszuaiilvasiued fe
wigdmgnleuussiulvifiuauiu

2.4 eiiigeaa (Polarization Index) [9]

ASNAEaUANINAMNITURUIUMEAENS Polarization Index (P-1 Test) ©38158n71

AyiliTay nnehs mahmsndutivesluanaiegnglulieauiuainfinrsandauinainng

eussiwililauulnihansgyhiuluananeluileauiu faguii 2.20 uay 2.21

) N ) Yool —- X\ | —
) NG el <) s x>

JU# 2.20 woiinssuvesusygan1izund JUT 2.21 m3ndutvesluianamuau it

1151 AU T TUINILRIINNITUIAIAILAIUNIURUIUTIR LA LY 10 w1 Yiuimng

FuAANNATLNILRUILTIR LAY 1w

AANLAUIUTIAlAlL 10 W
Pl =

AALAUUTAYRlA I 1 wd

mmaaieanuladviunsvaeeuwuy Polarization Index MuUUALAENIATEIY

ANSI/IEEE 43-2000 §198ariurdavasauiuindasingmed

A9 2.1 ﬁﬂﬁwqmﬁaaﬁmﬁ 914989 Standard IEEE43-2000 [10]

Insulation Class Polarization Index
A 1.5
B 2.0
F 2.0
H 2.0
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NFPA 708 (National Fire Protection Association) L“ﬂua\‘iﬁﬂ':T‘ﬁ'uﬁ’l‘uaﬂaﬂﬁﬂﬁUﬁuu

Aanssudunsdesiudadde nmsdesiunisdentigdmivseuulni didnvselind uae

seuvdeans Wislanudasade iWetesfugunssidemenaviufinaulasuamuuiadu 1

dnmswugianauidsilised

u

A15199 2.2 InaueAnLuginvean P-l Test Afale [11]

Polarization Index Insulation Level
Less than 1 DANGEROUS
Less than 1.5 POOR
1.5620 QUESTIONABLE
20a3.0 FAIR
30240 GOOD
Above 4.0 EXCELLENT

dmsunsanuildlunisnadaunidetiTa i uR dawsedun1situveIuarnas

.

WawlauLaIsMEINYUALALLIATE W ANSI/IEEE 43-2000 fafl

A3 2.3 USITUVAADURYT 81984 Standard IEEEA3-2000 [10]

Winding rated voltage (V)

Insulation resistance test direct voltage

(V)
< 1000 500
1000 - 2500 500 - 1000
2501 - 5000 1000 - 2500
5001 - 12000 2500 - 5000
> 12000 5000 -1 0000
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2.5 unawasanugaydsladianein [8]

]

mslduauiulussuuldimdsduawnawmasmdsandeladidnnsn(tan®d) Hu

q o

[ s :h:‘{)u a = ‘Lﬁif

Wnfmesid Ay iafesinsanduiamesidgadeandudyidindmilivesergnis

| =

' §f o w a = ' [
Nuaumurameiidgudeladidnanaiusoutsesnidu 3 diu fe

£ a

L. Anugyidoidosnnnisfauildlfifusuiuuianiifieauivegneld
aunlnihinaliAnan i wihiiuan iliAensaydedesniinsuatilvauaun

2. ianugeydeiiiosimginssumsithaunilneannzuniduluenaresauiuas
MssegetnsdaszidenuiuegnelimunilviiUssquinuazauvesluianassusneeniiesain
ﬁ’ml,awﬁz‘wqﬁﬁ'nLaﬁaulﬁiwaﬁimuwmmaaﬂﬁxﬂLﬂ/i']ﬁutmﬁ%’mmﬁ’u%'mLLiaLﬁaamﬂ
auwlwihaznseidelelwalfifnnisuiuiamslinseglunuivesaunlnilunsda
awueg meldamnulwiinszuaadulalnasedoainnsSesaduilummaenina aagii
IAnnsgaydelugvesauiou

3. Arewgydsidesanmsiinda favrsdiunieluioauin mauindawss
U9 (Partial discharee) meludonuvsnintuldlunsaifidioaviuldlfduiloden
asysaivanua (Nonhormogeneous) nieluifeainanvazilinssoimanieaqulanyaey
swegmelnsiemansedaguuanyasuaziininnuglniinazaInuavuae LsITULUSN
ammnindoauudeaulfuussiulnidinazienisiusneniuaelulnsene
videYagulantasunseuaian savvaglulnsseimminnisindeuiives didnmsousuriuns
TnssoniavsaanuianUasunszuaiaviaszeglulnssonminmsiadeuiivesdiannsou
gutunidnsafnuftenaiiuazanudoutu maiadaysauisdudndnaeludoauiy
whldegnslinuvesuiuana

f1T1NTANYATeREIN @vvsuUseanilu 2 wuumeiufie 299sUuu RC vie
2995 ayn3u RC TaefRumummaslningaydeluauuCununuadfvesauiuiianssouiy

Usruagndsnulilaluguaunuluii



(N) 29950UNTY () 195U

gﬂﬁ 2,22 WITENYATRIRUIUY [8]

A 3 1—!—((:)CSR2)‘

ZIAF A
Cp ® & 2

1+(@C.R,)

Q - Lr R
NUBIRYINU R=— "+
1+(wC R,
_1+(@C,R,)’
i w C,R,

deleuusssusuadulauliivaue U=U, sinwt

wla 1 =1, sin(wt+d)

22

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

AnuduusTEnInszatiul s uwansdegy e |, Aenseuailvaruimiu uay

. Aenszuadlvariuiiiuysey
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I I-—-; I
}‘l"'

5 /
mf
r‘“‘l
/
n""
f

Jo)

1 U

|
|
l
|
I
|
|
|
|
|
|

JUN 2.23 anuduifusseminnseuanuusesiuiileulwiuauiy (8]

Sl & \Dugusewing | A 1. Felagundudaam & {Dusmiifaniles
Masanydene P, =Ul cos ® (2.21)
=Ul sino
w53 sind = tan® e 8 firipe qftuandlumsnnil-3

ety P, = Ul tan (2.22)

s

Sen tand vie ted 1 uilamesidgyduladidnaEn wazay & Inyuridegeyde

98idnesn

A15199 2.4 fwes sind v tanO Lieyy O Tedesq (7]

o) 0 1 % 3 a4 5 10 15 20
sind |0 0.017 | 0.035 |0.052 |[0.0698 |0.0872 |0.174 | 0.259 |0.342

tand |0 0.017 | 0.035 | 0.052 |0.0699 |0.0875 | 0.176 |0.267 | 0.363

WU NATALYAVBIRUIY

(2.23)

WATVUIU tanod =
a)RPC

P

WATOUNTY tan = wRgCy (2.24)
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s = @

wrpwasidvandsladidnasnaiuisnesuislumenvesnlosimmndegoulasad

tand = & (2.25)
&

”

Fuludnndinvesnnugydsfifietunendinuniuinlivesuiunmeluszesiaan

E

Afmue nemluudinsinandesliniin waznisiaaunamesidgydeladidnainves

8
s fa aao

QUIUTY a5y ldlutianinewesnnudflaey egrelsAmuaida sTnddn wazen

wimmasinds gayduladidnadniitalaty dviuegiuaamgll Amnuduarnisdiwmeidue

2.6 L1A544aIn PDC (Polarization and Depolarization current measurement)

n193faduaniudangunselin PoC \uitaduauiurlaliviiaralaenisineg
wsaulninenuanssvwasiiluauiunagiinisianseuadlvaniuauiy eniinseua
Twanlsdiadu (Polarization current) wagviin1svanuuasineaniinasianszuaiiauiu
JanUdauaonul 3uniinseuaninailsdiadu (Depolarization Current) Fainain
Usingmisaimanlsdetilunuiu fiided 2.2 uay 2.3 Wethuinsizsiaurusiusiuys
sinaqannszudlninvsdeeie

2.6.1 29asNsIanszudlnanlsdiedunasnszuanlnanlsdiady (Polarization and

Depolarization Current)

asmsinnsyualnalsdedunasnsruaflnarlsdidu avldreaslunisinnssia 2
AILULY Ad

1) 2uIUsEU NG (Phase to Phase Insulation) agltlunsdifiviesyfuamsidesan
luginsensig

(3

2) auIUsENINNENUNs1In (Phase to Ground Insulation) agld@dmsunadauuy
#EN9U Hiaanlaseas wasammesiluduffaaIngmn
Fanan5ianseiavassasaudnlldaiuisadindisuisunuladlesainiedss

uThadaruglniiuandisiuun
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<= L
Idepol £> —e—]
VC N e i e »
i l idepol
Electrometer — Test Object :
g = TEEOw |
|
Test Object '
Electrometer
—.I_— —.l__—-

N—

(n (v

JUN 2.24 1asianszualnanlsdietunanszuafinanl sdwduvenuiuna 2 duns

(M) AUIUTEANIANATUNTIIN e (1) uILsEWINLWaiuwa [12]

2.6.2 sUnuunsdnaesanuzvasaulunielugunsal PDC [13,14]

JUTi 2.25 JUn1ssraesauanlugunsal PDC [13]

lun1snageusazgunsal PDC awrulwiaivisadiaosludnuuzvasiiiuniy

vuuiuiiudszglaensiuIunndnenzeenseadlnalsdiedu wernszuaninanlsdie

Fu anmsaAmiuldainnuifivisgglasnadanieniaiuivdsygaanuigs (C,,

geometrical capacitance) #1330 luY199813U10%S ov VTN SAUEING LAY

Tne

124

inf

C

vae

Al
VU

i, (1)

CD 'y SrC\'ar (226)

C.(at) =Vi- [i,@)-di (2.27)
0 0

Ao AUasHaRIRdUNNS

fa AmuglvvesanaInIA (Vacuum capacitance)

= P a =] v 1 a l < 1 o s = &
fAe naNdsuilasanderlutnduanevievisilinmsduaing

Ao wSIRUNTERERTITITIUNSNAdDY

& o W v
Ao Nsyuaninle

NISATUIUATAIIUATUATELERNT (Rg, Conduction resistance) AMNNAYDINTL LA

$3lna (Conduction current) Tunisnaasu Fsanunsaruiuldnisinenseuanselsduauiu
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[=4 = d' s ] d‘ I ) o
Wunawuuiniuneaunseaiinleluinisiasunvasnudunseuansaagiiuiniuiu

Tae

v
£ (2.28)

i ()

R

lay i (o) Ao nszuasilva (Conduction current) IMNMsangussiulninszuansed
LIANNNAUNDIUNTELATIAIAIT
AIRSAILIET (7,, time constant) Felalun1sAuiudiudsenaulnanlsdedu R, uaz

C, Togldanununuuunseualunsiuiudaunis

!

P(t)=P(w)-|1-¢ " (2.29)

Ty P() A9 A URUILUIUNTY LAY 19870199
P(e0) A9 ATUMUILULASEWETIAILINAWNE

dautsenoulnalsdiedu R, way C fludiuuszneviildannisAiuiunseuaain
Usngmisallnanlsdadulaglaemuinldduguuuuannislusud 2.24 anusuny R

Auulalay
VU

e 2.
: 'ip(At)_iJu (CO) 2!

e i (ar) fie nszuaiinldlugisfinanvdeusdasludndosndnnyiaduinestons
el s = &
N sdvaing

wazAAiulsEy €, Awuldnniseneiivae (7,, time constant) 1ng

=R .C (2.31)

C_]

e I;[Ip (1) =i, () |-dt (2.32)

#=l

yilraunsaleunsewalnanlsdadu (Polarization current) nseuadwan lsdady

(Depolarization Current) uaz nseuasaluala

t

_ ¥, & %
=243 e B0 (2.33)
R, T\ R

Fepor (1) = _i[ LO(}%(IC)}? he (2.34)

i=1
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iP ((I)) = ipon’ (t) + ids’po.' (I) (235)

wazAuuwramesdunltlumsiwsezd laun dasrdiuaianuiulsey (C,,,)

wazwAmasaugdeladidnnin (tan(s))

n C
C'(w)=C,+ )y ————— (2.36)
: ' g‘H(mRiC,.)'
Ploy=—et YR (237)
wR, FT1+(wRC)
ki) (2.38)
rano CU
tan(d) = M (2.39)
Cl(w)

de  C'(o) fe maAudsygese (Real capacitance)

C"(w) Ao AUAUUSEIUAATN (Imaginary capacitance)
| g P
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JUT 3.1 wihammeivesaueisnes dnwugguinaslusowdondumneimivedaey

Wandauwiseeniduiianum 30 Fu vuIeA1NEITUEE 30 IwuRwns vn1sUasndu
Aausnfindiesanldninsafieantymnssuaislue wagvhnsanziivaeddiiield
didnlase Mnduhnmsdafivinulareiassuvesdunadeulfiou (ieangaunanfions

usmbiRaenueseaauidlnings
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JUT 3.2 MIdnuUsBumageuINRUILeIIARS wag N1sUasndunaunnfinivy

g‘iJ"ﬁ 3.3 ML wag NISTARITUNAdOY

unadevuvhniseuiignmgildnuressuusisnes (60 swwadea) [Wunan 24
T7lue Wevinslamiuduiidnsaisegainingvedau uagiinsinainseualnalsdiady,

nseuafinalsdiedu, Aulidian, Auinnesmvagdeladidingdn uway dnsidiuanuiv

Uszq vosingnadeuiiieiluasieiu
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sU 3.4 LASEI9UIa0IRUEDNEN WY IR

U

312 n’r‘m‘%’r&m%wmaaumnuama%

s

Funedeueziruivmagauilsiuinnuidedeuainasiwefaduimnasdinm Wuwra

2
e

vommamamneiegnelusesadonvasamed Junsaevisslaiaoiunsldauniou ifn
ussdudl 6.6 Alaliad seduduvasnisauiu F aunsovugamgdly 155 esaneaidoa diud
Hesmsihumeaeudriinssinuiues fudiuiiogmelusesadenlaosndautsesnidy
Favwn 20 Tu wuieAEIIRUAY 30 wwuRums Yimsafhvesiallfssunasdaenduneuda

AwmUlrsSeusos

JUT 3.5 wisdiinesvesuewes dnvurgunyslusesadondwmnesimhunageu

UdnwUseanidusienn 20 Fu suinauenTuay 30 wuRiuas inisdasndu
rournfiiimliewmivaldminiaieantymnssuaiilva uagvihnsiangguivanedniuield
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JUM 3.7 msAnuURunageuIINUBINDS

Udunedeuninseufigamgilinuvasaueisines (60 asmiadua) [ 24

8 i
Qs

lue Wevinslaanuruindensisegainingnedeu wazviinisinanszudalnailsdiedu,

7]
=l LY

nszuaflwalsdiedu duilidedn, Aunnmeimiugyduladidanasn uay dasdumanuiiv

Useq vesingraasuiieiduanmasiy

JUN 3.8 iATeseuliteAudeNaN WYL
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3.1.3 MIwRLTuMadaUNsaIAnaINNsEeNEA WIS T U auuarAL Y

Tiunnaeuildsdesliundassnsdimudenludeauiu Weswmnmsdevaninain
nswseridiounazauty

1. MawRssTunasaunsaiidsuie s nanuiUsesdeu MRnannIATsUDY

BunmirdunageuiifauwUeliudim neansueu Tnensiireasuauanmaus i

Yasnaudnfinivy lneagyinvianue 3 Junegau Aagun 3.9

2

JUR 3.9 Funeasuiideuilonniian1s nmasueu

2. NMSLH3AUTUNAFDUNSAINLEDULTLDIINAMUYY NHNIINNITUN

Suannituneasundanuslinaiun wrvnduszaziian 4 Su walimfinanuiduluile

2
s

AU AIFUT 3.10 lagagynavun 3 Junnaey

sUN 3.10 Funedauiidonan ndes1na Ity

U
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3.2 N15ADNITNAFDUINNTELE N L STwTU aznseuadlnanlsdiaduy
3.2.1 gUnsain1Inadey

1. insasfaduiudanssualnanlediad, Alnanlediadu waz Fothdsds (PDC-Analyzer-1MOD)

gﬂ‘ﬁ 3.11 PDC-Analyzer-1MOD

2. awlw
- edmiuieusaiulrvusegedmiu PDC-Analyzer-1MOD
- angdmsuinnszualai

- @BnINe

(f) () (m)

gﬂ’v"i 3.12 aelaiildluisasvaaey
(n) anedmiuIeusdiulniusagedmiu PDC-Analyzer-1MOD

(@) @@ nsuInnsesalnin (A) @1ens1ie
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3.2.2 29958 mMSUInAINTEnE LA LD, NSTwaRInanlstwdy wazANRY TGl
Winsasianseualnanlstedy, nsyuwadinalsdwdy taeaauiidienive9auIusewing

wWauuiin1$a3e (Phase to Phase Insulation with Guard Ring) ialdlun1siasizianines
Weauiufwdsuwdadlunuadvdideds (Polarization Index) Taefin1smalaasaatl

- anedmiuTeussiulni gneigluf Electrode NivaneFunmseu

- awdmiuianszualiih gneeluil Uinanelineudninmufidenneduneedfiiuseu
I

- @enIIR gnealuiinafvadssuundau(nsIveviadiay)
PDC-Analyser

N

Electrometer

Depolarization current

Polarization current

1\ AN

0

." £
measurement

Voltage cable
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3.3 PanuuuUMInadaunseudlnan lsdiwdu waz nssuadinanlsdiwdu

3.3.1 nsnadauLieAnyInavesnnuioy Aisreduiliedavasauiu (Polarization
Index) YBIBUNAFBUIINLTULLBLSINDS

vedeviuMadoUAkIuN1TTResan rALeuTINMTEUT ganingrmg e uun,
onmpiifneauy uargumgfinnningumaRddeauiu WWunasegdd

1. fuvadeuaniauuesaes 91w 3 du ouignmgiifiganingumgildnudnie
100 asmwalduadua 6 $alus, 12 Falus, 24 Falus uaw 36 4alus lnevihnsmedeudae
PDC muddunniuguinldumduilidety (Polarization index), munninasaugsydelndidn

w3N wae SasduAIAUAuUTEY

- msdasunadounlagamgilliam
60 paFwaLBa Wunan 24 Falae

| MavAaRIY |

I ac A
98073 PDC |

\ 4

{ midnaostuneaeuneligamgiignin
|
{

< a
gunilltnu Ngamgil 100 swmwatia

]
4

" e a ]
i wﬂamé":m'ﬁ'm's PDC oMU
° a A\‘

[fuwwmaaulﬂlaumu; mmmﬂamuaqmnmw l
Duian 6 Falas Epuiiaan 6 S

wmmmmsmi PDC mamui
'm'mui.ﬁamummnﬂ'i'm 4

\ fume fals 2y 4

\?', © Yeuioan 124l
‘vaasaiaeiBng :PDC:-'kﬁi)i:ﬁU‘
P P ) % 4 & ’;::{"r

AhTuveasuluau iy

\\‘%”  Soufiaan 24 dalus
YAaDE38MT PDC Wialfiu

A% ) : P
uiuvedouleudil 1 dasideuibssinaan
& / o : |
Duoan 12 Falus Sfouiom 36 dalis

Ahtuneas uluau sl

‘:u X

N St e e e e e e S s i s . e s e e B B D Qe BT W o e e .

JUM 3.14 W iuanuneun1591889m S oNan nuesBuIndau NI WLBISIAD SN IEAY

Souigaumgll 100 semiwaldes
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=

2. hunedovdulvaaniauuaisinesduiu 3 Ju aufigumaiiinvesauiudl 130

parwaldoadunal 6 Talug, 12 1L, 24 lus way 36 1lus lnevinsneaausie PDC
o @ 0’; 2 - 3 . . | & a & =
AuEaU InTuguuliua il (Polarization Index), Aunninasaugadeladianesn

ey SnsaumAIuAuYIEq

/ \
| P S = \
| - msdmestunaaeumeligamaiildam :
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I ' |
| NSYABDIFIE |
I —P‘ e |
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| \ 4 ;
I { J Y L3 - 1 ‘ P
[ | asdasstiunaasunieldieamgigint ;
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: - paungiildnu Heamal 130 swmwadua :
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I naADI mﬁm'si PDC ey :
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|I |
|
I mwmﬁau‘lﬂaumu |
I Whuiaas alus :
: ’ |
|
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gl
: I e %I’aed’nﬂ’ﬁm’g-PDC Wieiiu ;
GETT O RTE
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. 4 s
: \uan 12 99T i mwnm sl s }I
S ~

JUN 3.15 upugiiuanstuneun1sinassmsidenan nvesiunageuaniauiueisiaesigay

Tounignmgdl 130 asmwaea
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- I

3. ihgunedeudulmininauuasinesituiu 3 Jueuiigamlinnningumaiifiianves
auuil 160 asengaBuailungt 6 alug, 12 Falug, 24 4alus uaz 36 alus lnevinisvndey
Y PDC MudWu 1NUuguuRliuAdudiliars (Polarization Index), AunnmasALgay e

lodidna3n war SasrdruAnuivUsey

- ndmmestunaaeumeligmgilden
60 earniwadea Wunan 24 2l

N15NAABWNEY
_3BaasPDC

> E
v L

mMIdaestiunaasunelinamaiigandy
v a - o 1
gauniildau Agamall 160 swrwaldea |

L] U

et )

AMBuneaavllau il .
AlRum 1.' e > e
Wisan 6 faluy Repits

Alhfuneas ullauiiy,
Wutraas dalus

K_ﬂ————:l\
Prduneas ulUouwiy )

[ , :
Wuan 12 Talus

. . A B B+ O O R e e ]

JUM 3.16 wHuiiuanstupeun 1s9aeInsidenan nveunaaeuaniauuelsnesnIsny

Soufleamqll 160 e iwa Boa
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3.3.2 Msynadaudadenisidananani1znisilseziounasainudy Nideneiiieyn
Pa9RUU (Polarization Index) YDITUNAFDUINLAULLDLTLADS

yMn1sitassannelsesitouiiilonaiaduiuilauiuasines A neAsuaundlanid

wnudssuay Uiiilemaunainssuuaadduiauasames lnevhnsvnaaudall

2/
1

1. TUNAFAUINLIULLALTINDTIIUIU 3 TU NHIUNITINaEN 1L TaL)auaNNg

AUBL WM TNAARUIY PDC 3ntuguualiuddudiles (Polarization index), AU

wesanugdeladidnnin uaz dasrdumanuivlsey

9
o

2. hfunegauniauiuaisnasTulviduig 3 Ju Arunmsdassannensidesanin
dy d a f,‘ o U 3 2 1 v oa oa gﬂ’ N .

NAMNAUAANIINUT 11IINISNRFRUAIE PDC 31ntuguuiliuafiailiiens (Polarization
index), Aunnmasaugydeladidngsn uay Sandumauiulses

3.3.3 n1snndauliafneinavaInuiou Alldesvudigeuavasauay (Polarization
Index) Y0TUNAFOUIINUBLADS

naaBuTUNAeUTNIUN1TIIeeEN1IEANTe U NS th v uTigumgdldaudnd,
gaumgfiganineamadldaudnd, gumgdftnauiu waraaugduinnngamgitnauiu [y

Lamegaall
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1. drAuvedeuInLewmeiTIwIY 3 Bu eufigamgildnuuniife 100 swwaBeady
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4.1.1 BunAFaULIULLBLIADINHILNMIIABIAMUTINENINN 19NN ToUNYUNY

9

100 D9ANLYALYYEVDITUNAADUTUN 1

4.1.1.1 N5 U38UHBUNAYRIATNITINLAD VDIV UNATDULIULUBLSLADSANIUNIS

i‘i'laaanﬁl,ﬁauamwmamm%’auﬁqmwgm 100 asATL@aLdaaduLian 6, 12, 24 uag 36

S| TN

A15199 4.1 A1auglii (O), nsznaains (I,.), gaaungd (1), ANLYUFUANS (%RH)
wazARTigay (P) vesWunnasuneukazndidtasnudenan mmneanuiauiiguugil 100

perwadradunan 6, 12, 24 wag 36 1lue Yosdunadaudud 1

Wi dimesdunagoud 1 CER | leA) | TCO %RH PI
A aldunsiaurin1ssnans 303 0.7 25.3 a4 2.09
AMMILERLENN
AT alandwinnissnasialny 275 0.7 204 a5 379

Hauan wiluian 6 v,

AT TalanawinnIssansRIy 299 0.9 24.0 46 272

5] auamwvflm'aa'l 12 %al.

AT aldvasinnss1aasa #75 %32 214 48 3.42

Houan wduiian 24 vy,

o

AT alEndsinissnansnINy 267 1.9 22.9 48 2.66

Houan wduian 36 v,
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4.1.1.2 nsuSsuvisunavaanseialna lsdedurasflnanlsdiedurosdunaaaud

Hrunsiaasnindeuanwnsanufoufigaugll 100 ssrwadeaduia 6, 12, 24 uas

o
36 Yalug
LRAEAT Ipol_before simulation ~ ==e==es I'depol_before simulation
—pol_BHr emaa=. | depol._6Hr
—|pol_12Hr  e==e=. | depol._12Hr
e | pOI._24Hr ======| depol_24Hr
1.00E-08 t pol_36Hr I depol_36Hr
1.00E-09
<
B
=
g
5
o
1.00E-10
1.00E-11
1.00E-12
1.00E+00 1.00E+01 1.00E+02 1.00E+03

Time (s)

=

UM 4.1 nsuansnsilSeuisunseualnanlstwdunasnseiddinan lsdwduyesdunadau

u

wiadiaesnnudesanmidasnausousigamall 100°C 1Wwaan 6, 12, 24 uaz 36 Falus

AUTUNPADUNDUINAIANULADUAN TNV DITUNAFDUTUN 1
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] o =

4.1.2 JUNAFDULIULUDLILADITTNHIUNITINABIAIULEBNENIWNI9ANLToUTIRaUNgE 100

u

DIANYALYY HVDITUNATDUTUN 2

4.1.2.1 N15UTEUHEUNAYDIATNITINLN DS VDITUNAF DULIULLDLILABSNHIUNS
ﬁ?’laaamiLﬁauamwmamm%’auﬁqmmﬁ 100 peANwalduaLlulian 6, 12, 24 uag 36

P29

A15199 4.2 A1l (O), nzuansdng (), gamall (1), Anuuduims (%RH)
wazARYiilgeYd (PI) vestuneaauneukasraidnaasnuidouan nmneanueuigumgil 100

ssreadeaduna 6, 12, 24 waz 36 H1lu veBuUNARBUTUT 2

wis i stunegaud 2 CpR) | lpA) | TEO 9%RH Pl
Afisaldueiouiinissians | 312 -0.9 233 a1 1.78
ﬂ'J'ﬂJLa‘auﬁ.ﬂ'lW
AfiTalanasinnissnansnn 342 =9, 23.6 48 2.35

douanwiduian 6 vy

AT alEnasinn1ssIanen 326 238 22.4 46 2.69

Lﬁauammﬁuwm 12 .

AT alanaesinnissiansau 312 -10.0 21.3 47 3.39

LHUANIN L‘flma'l 24 ¥,

AfiTalanasinnissnassnny 316 0.0 .02 a7 3.67

douan widuaan 36 vy,
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4.1.2.2 n1silFauiisunavaanssualwan lsgwdunasainanls gieturosBunagaun

=Y

HIuNMITIaRIMIEauan NI AL souiigumgll 100 asrealeaduan 6, 12, 24 uas

U

[
36 Y7lu9
1.00E-07 - - : : : - '
| pol._before simulation =  e==e=. | depol._before simulation
——|pol. BHr eeaea. | depol._BHr
Ipol._12Hr  eeeee. | depol._12Hr
1.00E-08 —— | pol._24Hr - | depol._24Hr
| pol._36Hr | depol._36Hr
1.00E-0%
=
+—
c
o
5
(]
1.00E-10
1.00E-11
1.00E-12
1.00E+00 1.00E+01 1.00E+402 1.00E+03

Time (s)

JU# 4.2n5mluansnisidSeufiounsauainanlsfietunaenszuailnalsdieturesunadey
ndsdasrnudovaniniiaaninanuiouiigamgi 100°C [Wuia 6, 12, 24 wag 36 Talus

AUTUNAADUNDUTNADIAITULFONAN TNUDITUNAADUTUT 2
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4.1.3 JUNAFTIULIUUBLTIAD TIHIUNTTIABIAMUFDUAN NN AU TOUNY U

9

100 aerRaLteaUaITUNAaauIUN 3

4.1.3.1 N9WUTBUTIEUNAVIAINITITLAD TV DITUNARDULIULUBLILADTNHIUNNS
d1asenisidouanmnisadiufouiigamgll 100 asreadeaiiuiian 6, 12, 24 uas 36

S ETE!

=Y L3

A15199 4.3 Arauglui (O), nTzuanfg (), el (1), AuYUduRNS (%RH)

U

wazAiligay (P) vestunnaeufaulazraidIasInNdeNanINIIANNTauignuall 100

parnwaeaduian 6, 12, 24 wag 36 LU VoTUNIERUTUT 3

L4

winiineftunagaud 3 CEF | A | TCO | %RH PI
Afsaldvnziauyin1ssans 326 0.4 23.6 a1 2.89
AMUEDLENW
Afisaldnasinnissnaniaany 326 1.2 24.1 a5 3.13

Hauanwiduiian 6 vy,

AT AlENaeiNITs1a89AY 337 1.0 221 47 271

donanmiduian 12 vl

3
-

AMNIALANAIINITI1aD9AU 324 0.9 213 48 3.49

Wauaniwidutian 24 .,

Afisalduasyinnissranenny 320 0.4 243 48 3.83

\Hauan wLuLIa 36 .
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4.1.3.2 mMa3suiisunavesnszualwanlsdiwdutasilnalsdiwdurosdunagaud

Hiunsdnassmadenaniwnisanuioudigangll 100 aswadeaduan 6, 12, 24 uas

o
36 G2l
1.00E-07
= | pol._before simulation @ = =  eeeae- | depol._before simulation
[pol_&Hr eeaaa. | depol._6Hr
lpol._12Hr  eeee-. | depol._12Hr
| pol._24Hr | depol._24Hr
1.00E-08
lpol._36Hr  eseea. | depol._36Hr
1.00E-09
5
+
C
0
5
(-
1.00E-10
1.00E-11
1.00E-12
1.00E-03 1.00E-02 1.00E-01 1.00E+00

Time (s)

] &

sUN 4.3 nsudnsnisidieuieunsenalnanlstwtunasnssuaninan lsgwduresdunngay

u

nasaerudaranwilleannauSeuiigungl 100°C Wuvian 6, 12, 24 waz 36 49lN9
fuBuvaaeuneudaenuideuannuesliunaaeuuil 3
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]
] ©

4.1.4 FuveapulIuuaEINsTIHIUNMTTaaIANUEBNAN T WNNIA MRS uTIgURg Tl

130 aeAalfauasTunaaauTudl 1

4.1.4.1 158U UNAVIAIWITITLAD S UDITUNAADULIULUDLSLADSTIRIUNIS
dnassnisidenaninnieadnuioufigaungl 130 ssrwaideailuiian 6, 12, 24 uag 36

Y2139

A13197 4.4 AANgLNT (O), NsziansAne (), gaungd (T), A LAUEUNNS (%RH)
warA v ldern (Pl) vaunndeunaulaydidiassmudeuaninmeenusouiigumgll 130

parwalduaduiIg) 6, 12, 24 wag 36 Tlus voRunadeutud 1

wWisfinestunnaoud 1 CEFR | LA | TCO %RH Pl
Aivaldvnziouininissand 307 1.3 233 ay 1.55
m’lmﬁ'auamw
AT alanasinnIssany | 305 e 20.0 a6 3.60

\ouanmilutaan 6 vy,

AfiTaldnawinnissiassny 299 14 217 48 4.23

=

Hauanwiduran 12 vy,

¥
o

AT AlINAINNITINAD IR 293 0.9 21.9 46 3.75
FHouanwiduinan 24 v,

AT alEnasinN1ss1ansny 295 0.4 224 a7 259

iEauaniwdusian 36 Y.
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4.1.4.2 msiUFeufisunavaanssualnanlsdiwdunazilwanlsdigtuvosiune daun

=Y

drumsinassnsideuanwneanudoufigumgll 130 ssrwaldeadua 6, 12, 24 uas

U

o
36 Y24
1.00E-07
| pol._before simulation =====- | depol._simulation
[pol_6Hr eeeaa. | depol._BHr
= | 0. _12Hr ==w=w==|pepol._12Hr
1.00E-08 | pol._24Hr | depol._24Hr
| pol._36Hr | depol._36Hr
1.00E-09
<
+—
<
-
=]
()
1.00E-10
1.00E-11
1.00E-12
1.00E-03 1.00E-02 1.00E-01 1.00E+00

Time (s)

sUf 4.4 nsikananisideuiisunsywalnanlstwdunasnseuaninan lsdwduraunngay

U

wasiaesnudonan miiesainarniouiigamgd 130°C \Wuan 6, 12, 24 uag 36 Talus

AUTUNAADUNOUTIADIAUFINEN TWUDITUNAEDUTUT 1
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v 1 1 ]
4.1.5 JUNAFIUIIULUBITADINHNUNTINBBIANULHDNAN NI IAM T DU N g
1 8 1]
130 PIALYALYYEVDITUNAFDUTUN 2
4.1.5.1 N1 UTIBUNAYDIAINITITLNDSVDITUNAFDULAULUBLSLADTNNIUNT

daeanisidenanmnisauieufigungdl 130 asrngadealuiaan 6, 12, 24 uag 36

A7L39

A157991 4.5 Arruglnia (O), nszuansdng (1), gamall (T), A ududuivng (%RH)
warARwilget (P) vostuvndaunoulasndIdaasrudanan I IaNuseunianmnil 130

aerwadeaung 6, 12, 24 way 36 Tlue vesdunnasuiud 2

w5 fmoSunadoud 2 QYBR[ /A8 | TND %RH PI
Afisnldvneiauyinissians 308 48 235 44 4.03
AMuEaNENW
AT lEuasinnse1ansnu 281 b % W a6 3.60

douan1widulan 6 sl

ARl ENaeiIN531a99A14 270 ol & 215 a8 4.76

Wonaniwduiaan 12 vl

Al dnasyinn1ssnandaany 274 16 22.8 a5 3.99
Fouanmduinan 24 v,

ARl auaesinnT5s1aeeA1Y 266 % 23.4 42 4.35

douanmiduiian 36 val.
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4.1.5.2 Msiipuiisunavanszualnanlsdieduiasilnanlsdiwduvasunagau
Miun1IIaeINadean WA uTauiguugil 130 eAnaeaduian 6, 12, 24

Lag 36 ¥Lug

1.00E-07 -
| pol._before simulation =~ ~ =====- | depol._before simulation
| pol._BHr eeeee. | depol._6Hr
= | pol._12Hr ======|depol._12Hr
1.00E-08 =, | pol._24Hr | depol._24Hr
& — | pol._36Hr @ emeaa. | depol._36Hr
1.00E-09
s
e
(=
g
5
o
1.00E-10
1.00E-11
1.00E-12
1.00E-03 1.00E-02 1.00E-01 1.00E+00

Time (s)

UM 4.5 nsnansn silSeuounsyualnanlsotuwas NSy wan iwal st durasiunaday

U

vidshaesrnudenanwilesnaiufeuiionmgll 130°C 1uaan 6, 12, 24 uag 36 Flus

AUTUNAADUNOUINRDIAINULEDUAN TNV DITUNAZOUTUS 2
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-

4.1.6 UNAHBULAULUBLILARITINIUNTTINARIANLHBNAN NN AU TBUNIRUNA Tl

U

130 29ANYALTYAVDITUNAGFDUTUN 3

4.1.6.1 N15UTEULNBUNAYDIAINISITLADS VDI UNAEDULAULUDLILADSNENUNIT

a

J1a8en1sidaNaNINNIIALTaufiguugfl 130 asrwaldeailuiian 6, 12, 24 uas 36

u
Ylalg

. 5

M13197 4.6 AARLNHT (O), nszuansdng (), gungdl (1), A dudusivs (%RH)
warAutidetn (Pl) veiuvedaunaukasasdnasInudenan e nuseufigumnnll 130

parwalBuauna 6, 12, 24 wag 36 Tl esTunaaauIui 3

wWisdwmestunasaud 3 CPER | Le(A) | TCO %RH Pl
Arisaldvneiauyinissass 312 54 24 a4 1.36
AU NEN N
AT SalAna Winnssnaneny 283 0 20.3 a5 350

- [
tdauan IWIUULIaN 6 T,

o

AATAlENainNsI1aRIA1L 270 -0.8 216 49 4.16

Fouanwiuan 12 vy,

]
oA

AN IRlANAIINITINADIAN 276 0.7 235 47 5.09
Fouantwidunan 24 v,

T
(-

ANMNIALANAIVIINITINADIATN 266 0.7 234 45 3.25

Fauan wdutan 36 il
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4.1.6.2 mMsSeuiisunavasnseualwan lsdidunazainanlsdwduvosdunagaaui
NAUNIFINADINITHHDUENINNNIAUSDUNDURAT 130 asAnwadealdua 6, 12, 24 uas

36 H2lu9

1.00E-07 -
| pol._before simulation @ = ==ee=- | depol._before simulation
| pol_BHr  eeeee. | depol._6Hr
Ipol._12Hr  eeeea- | depol._12Hr
| pol._24Hr | depol._24Hr
1.00€-08 Ipol_36Hr eemaa- | depol._36Hr

1.00E-09

Current (A)

1.00E-10

1.00E-11

1.00E-12
1.00E+00 1.00E+01 1.00E+02 1.00E+03

Time (s)

JUN 4.6 nsmluansnsidFeuiisunszualnanlsdiwdunasnseuailnanlsiietuvedunaaey

wé‘qa‘haaaﬂmﬁamamwLﬁa@mﬂmm%’auﬁqmmﬁ 130°C Juan 6, 12, 24 uag 36 Flug

AUTUNAAOUNDUIIADINNUFOUENINVDITUNAFDUTUT 3
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4.1.7 JuNAFAUIIUILBLTADI NHIUNTIIAIANUTDINEN W $A 1NN FaUTN Y UM

160 DIALYALTLAVRITUNAFDUTUN 1

v '
4.1.7.1 nM5UTBUiBUNAYR AN TN 05U DITUNAFDULIUILBLIAB STHIUNIT
dasenaifenaninnisadiuioufisamad 160 ssangadeailuiian 6, 12, 24 uaz 36
Falag

A15199 4.7 AN (O), NTuansfng (1), aaumgd (T), ANNTUENING (%RH)

uwazAew et (Pl) vesfunadeuiouwaynasdnaenudenanInmenuTaungumgil 160

e aTraEdunan 6, 12, 24 way 36 1l VBB UNAAaUTUN 1

wisfinesdunaaaud 1 CPF | LA | TCCO | %RH Pl
Afidaldvnziouinnissnass 267 3.8 24.8 as 1.62
AMULEaLEAIN
AfiTalanasinissiassny 240 5.7 21.4 50 3.73

vsuanwiduan 6 .

AfalavawinIssiansay | 226 Y s 21.8 a7 461

iauan widutaan 12 v,

Afsalanawinn1ssnansany 214 -1.5 22.0 a6 3.82

Lﬁauammf]unm 24 v,

]
o

AT alanaIiIN1sI1aDIAN 225 0.1 20.9 as 3.97

Wouanidutian 36 v,
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4.1.7.2 nsiSeuiisunavaensendlnanlsdedunasflnan lsdiwduyasdunagaui

H1unsnaasnsideananmmeanuiouiigunall 160 ssmwal@eaduiian 6, 12, 24 uas

36 YUY
1.00E-07 -
| pol._before simulation = =====- | depol._hefore simulation
|pol._6Hr  eee——- | depol._6Hr
|pol_12Hr  eecea. | depol._12Hr
1.00E-08 —— | pol._24Hr ~=====1depol._24Hr
lpol._36Hr = eeea=. | depol._36Hr
1.00E-09
<
+
=
g
5
)
1.00E-10 '}
1.00E-11
N
1.00E-12
1.00E+00 1.00E+01 1.00E+02 1.00E+03

Time (s)

sU 4.7 nsudnsnisilFeuiisunsyualnanlstietunas nsenasnanl st uvesdunngau

U

vasdnaesrudenanmiosnaniuiouiigumgll 160°C [Wavan 6, 12, 24 wag 36 Hla

AUTUNAFDUNIUTNADIAUEDUAN WU DITUNAFDUTUA 1
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v 1 ] '
4.1.8 YUNAFDULIULUBLILABINHIUNITINADIANULFDUENINN9A aﬂu%’aqumwgu

1 i '
160 29ANYALIYFVDITUNAFDUTUN 2

4.1.8.1 N5LUSHUNEUNAVRIATNITITLA DS VD ITUNAFDULIULUBLSLADIARNIUNIS
dnapen1sideudninnisauiauigungil 160 psAwaldeaidulian 6, 12, 24 uae 36
Flag

LY L3

A19199 4.8 ANl (O), nTEwanIfg (I.), sl (T), ANUAIUEUIWS (%RH)
warAAutliBedn (P) vasduvadeufouwazndsinaeimuidosan nnianuiauiigumall 160

paFwalduaunaT 6, 12, 24 uag 36 1l TaTunRaauTuT 2

wisiiwestunagaud 2 CPR | LelpA) | TC(CO %RH PI
AdinldvasAauYian 3180 262 4.4 24.8 a9 1.68
AU EDUANIN
AT nldnasinnissnassau 232 VL2 21.9 a8 3.05

oy miduian 6 .

o w

AR LINAIIINITINEDIAY 221 0.9 335 a7 4.41

Houanwiduiaan 12 v

ATl dnawinnisenaneaany 216 0.6 21.9 a7 3.98
douaniduinan 24 v,

AR lanasinn15snannIng 201 3.7 21.6 a7 3.23

Hauan duLIan 36 Y.
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4.1.8.2 nMswSeuiiisunavaanssualnanlsdwdunasilnanlsdiwduvesdunaaaui

a

dun1sdnaesnsidauan s uioufigungld 160 ssrwaldeailua 6, 12, 24 uas

u

o
36 Ylug
1.00E-07
| pol._before simulatcn =0 =====- | depol._before simulation
|pol_6Hr  eeee-. | depol._6Hr
[pol._12Hr === | depol._12Hr
— | pol._24Hr ««<=-| depol._24Hr
1.00£-08 | pol_36Hr  esaea. | depol._36Hr
1.00E-09
<
-
=
g
5
o
1.00E-10
1.00E-11
1.00E-12
1.00E+00 1.00E+01 1.00E+02 1.00E+03

Time (s)

sU 4.8 nsuanansiSeuiisunseualnanlstwdunasnseuadinan lsdwduvesdunageu

LT

wisaewmdesanmiliasnnanuseufionmigl 160°C 1Wuwaa1 6, 12, 24 uag 36 T34

[
e )

AUTUNAADUNBUINADIANULEDUAN NV DITUNAFDUTUN 2
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=Y

4.1.9 FunedaURIUIUBLSIARSTINIUNTIRRIA AT DNAN NSNS DuTIDuMg

U

160 DIALYALYLHVDITUNAFDUTUN 3

4.1.9.1 MAUTBUIBUNAYRIAINITILADI VRS TUNATBULIULUBLILADSTIHIUNT S
@i sidonanIwneansaufigungll 160 asAwaldeailuiian 6, 12, 24 uaz 36

SR

LV

A15199 4.9 ANl (O), nseuansdn (), gaunall (T), ANTUEUTING (%RH)
wazArvlldat (PI) vesliunaaeuneulaznitdtaasmudeNanIwnInNsoufigumunl 160

parwalBuadunan 6, 12, 24 uag 36 T2lud 9s3unedauIud 3

L4

wisfimesTunadaud 3 C (pF) e (PA) TRO %RH Pl
Adialdvasiauinnssians 281 1.0 21.1 a7 1.34
AU NENN
AT lEnE Winn1ss1aaeaIu 232 5.3 21.4 a7 281

vauan widuian 6 v,

T
1~

AMIAlANAIIINITINa9AY 218 2.0 21.6 a6 3.15

Wouanwiluan 12 a4y,

AR lanain1ssanAL 214 232 225 46 3.75

dauaniwiduiian 24 vy,

AT R lEnaIN1531a84A7N 232 0.5 21.4 a7 3.95

dauaniwiluiian 36 v,
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4.1.9.2 nMsilSeuiieunavaanssualnan lsdwdunazilwanlsdwdurosdunnaaun

H1unIsTaesMsEsnan WA Tauigungll 160 swrwaduaduian 6, 12, 24 uaz

o
36 2lug
1.00E-07 : ‘
| pol._before simulation = ===e=- | depol._before simulation
| pol_6Hr  eeee=. | depol._6Hr
lpol._12Hr  e==—— | depol._12Hr
| pol._24Hr | depol._24Hr
lpol._36Hr eeee=. | depol._36Hr
1.00E-08
1.00E-09
<
+—
=
g
5
o
1.00E-10
1.00E-11
1.00E-12
1.00E+00 1.00E+01 1.00E+02 1.00E+03

Time (s)

Ui 4.9 nsmnansnsifiuiisunseualwanlsfistunaznssuaalnanlsdistuvestiunaasy

wiadaesnuidonanmilasainauioufigamall 160°C [Wuiia 6, 12, 24 uaz 36 Falud

o
v s 1

fudunadaunsusaseudananmaesiuyadauiud 3
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y dl 1
4.2 n1snagdaudanssuainanlsgiwdunasfilnanl sl ot Uy T UNAEDULAULUDLS LADS AN

A1531889N15LEDUANTNNIAIUTULAE R WU SaUDU

=

inmsinAnseualnanlsdiedunasilnailsfieduiinsgyineluwesufURnasiivinnis

muANgmMilluYie 19-25 sarmwadiva uazmuANALTUdLMSTuT 41-50 % Tnamsde

=l

LSINTEUARTIVUIA 500V Falavinnrsnaaaululunadaudiuiu 3 Ju NH1UN1SINEDIAIY

s

dl‘ dy ; A-;IJ = i 3 = 2 -:EAJ

i@eudn nmieAuduazdndsesilou fauntunsanisnedeulanil
1. NEUYNNISIIaRINISIEaNaN N9 ULAL AL UT o Uou
2 RHINSIADINSEOUAN NN NI LT URALALUTaxIUau

PNUULIHaTA AN US s UL As U R IL U THLYRIHANISNA A UTIHIUNITI1a 09015
W@ouan nnieanueuduasdnuseoziey
2 4> f - X -
4.2.1 JUNAFDULRULLDLTNDSTNHIUNITINADIANULFDUANWNIANLTULaZE I UTDS

WoUUDITUNAEDUTUN 1

4.2.1.1 ﬂ’]iLU?EI'ULﬁﬁlUNﬁ‘llENﬁ"lW’}ﬁﬂﬁLﬂEl%‘llﬁl\?'?iu‘l’lﬂﬁaUL%ULuaLiLﬁﬂéﬁﬂjﬂUﬂﬂi

189N BUANINNIIAUALTULA A AU 502U Y

M131991 4.10 AAnuglndn (C), nzuansfng (L), aaunadl (T), Arwdiudy

o
o o o a oa

WNS (%RH)

warARYILTITY (P) VOSTUNAADUNDULALHEINIADIAINUFDNANINTIIAIIUAINTULAZEY

WiarlauveWunanaoudud 1

wisfinasunnaaud 1 C (pF) le (PA) TGO %RH PI
Arfifaldvmznausiinissians | 325 e 23.0 43 1.57
ANMEaNEn N

ArfiTaldndsiinissnassAaay | 855 11.3 24.4 45 1.20
douanmuiilosanannudu

Arfialdnasrinnissnassnany 342 0.5 22.2 47 2.39
douanmiiiasandausentiou
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4.2.1.2 msiSeuifisunavaenseualnanlsdwdunasiinanlsdeduunsdunnaaui

NIUN15INADINITLEHBUANTWNIINI9ATINANUTULALF LUz ou

1.00E-06
1.00E-07
1.00E-08
<
e
o 1.00E-08
5
o
1.00E-10 == pol._before simulation “\“'-:ﬁ""s... \\\
\‘~‘ - N \“
------ | depol._before simulation at |
‘Ns‘ ‘-.\‘
| pol._water case T
‘\
1.00E-11 ooasa. | depol._water case
| pol._carbon case
------ | depol._carbon case
1.00E-12
1.00E+00 1.00E+01 1.00€+02 1.00E+03

Time (s)

JU# 4.10 nemuansmsidSeudisunszualnatlsdistuiaznsziafinalsdieduvestiunageu
YAINADIANUEDUAN TN IIANILTULAE WU SBsau AuTunndau

NEUINADIAITUADUENNYDITUNAADUTUN 1
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4.2.2 %‘U‘iﬂﬂﬁa‘Ulﬁl‘uLuaLikﬂﬂéﬁ&hi&ﬂ'ﬁi‘h?Iax‘lﬂ'J’ISJLé'ﬂllﬁﬂ’]WVI’Nﬂ')’m%ﬂLLﬁB%QLﬂiBS
Lﬁawaa%umaau%uﬁ 2

4.2.2.1 ﬂ"\iL‘lJ%EJ'ULﬁEJllNﬁ“tlﬂﬂﬁ’lW’l'ﬂﬁLﬁlﬂ%‘U@ﬂ%’uﬂﬂﬁSULQULuﬂLiLﬂﬂ%ﬁﬁh‘urﬂi
«'Ci*laaam'ﬂ,ﬁlauamwmqmwmw%uu,azﬁ'am'iamﬁau

A1519% 4.11 AU (O), nszuandne (1), el (T), ANAUENINS (%RH)

9 UG
L. |

LaEAIRYELTITT (P) VT UNAROUADULATUAIINADIAIIULEDUAN TN NIANUANUTULAL A

& . 12

WU olUouy0sTUNAROUTUN 2

wisrfine SBunasoud 2 C(PF) | e (pA) | T (O %RH PI
Arfidaldunziourinnissnass 242 -11.6 23.6 43 2.83
AUEDIEN W
Arfidalemdsvinnissnassnany 564 3.6 24.4 a5 1.27

L BUANINLLBIINANUIY

AN LANAIINNTI18D9AIY 253 W i a8 2.53
WWananwitasandawlsosilau

4.2.2.2 n1sIeuiisunavaanszuainanlsdieduiazflnanlsdiwduvosdunagoui
[ & . &
NIUNTSIIADINTITEEDUANTWVINIAIUANUT UL AL R WU T DU

1.00E-07

1.00E-08

=< 1.00E-09
e
£
v
=
5 1.00E-10
v ' — | pol._before simulation
------ | depol._before simulation ":::::.__
-
= | pol._water case N Vg
1.00E-11 s

------ | depol._water case

| pol._carbon case

------ | depol._carbon case
1.00E-12

1.00E+00 1.00E+01 1.00E+02 1.00E+03
Time (s)
U7 4.11 navuansnsidSeuiisunseualnanlsdiedunaenszuadinanlsdigtuvedunaaey
was1aesANdeNan MMM NTLLarALUsezileu futuvadey

ABUTABIN U EOUANTNY BT UNAADUTUR 2
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4.4 miannsiunnnesanugydeladidnan (Dielectric dissipation factor; tand) vas
FunessuRuILBIsAB TR UM TR oNan M sr L unarA s sesidiou
ymslsuifeudunnmesmiugydeladinninvesiunaaoun eunasndediaes
audoraniiesinaudusasdauseroureusartunnaey
4.4.1 MawFsuifisuunninesaugydeledidnainvasiunaseuiiiiunissiass
nsdaudnmunInLIIAatula Al serlouvasBunadeudud 1
Wisuifisuaunninesanugydeladidnainvestunedeutounasndadiansaiiy
donanimnemutunaraadsendou

1.00E+03
= DDF_before simulation — DF_water case

1.00E+02 = DDF_carbon case

1.00E+01
1.00E+00
1.00E-01

1.00E-02

Dielectric dissipation factor

1.00E-03

1.00E-04
1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02

Frequency (Hz)
JUM 4.22 nsmliansmsidSsuiisumunninesanugaduladidnainvestunaasundadiass

ANMUERNEN N NANLTULazAU U ToU AUTURdRUNdUTIaesALEoNaN TWYB T

NAFDUTUN 1



76

4.4.2 maFeuifisuurininasanugydsledidnminvasiunaaauiiiiunissians
nsidenanmmsanumenudunssdausestiourastuneaauiuil 2
Wisuifsusurninesaugydsladidnadnvestunaaeurounazndiia eanay
douanwnsmnutunarAauseniou
1.00E+03

= DDF_before simulation = DDF_water case

1.00E+02 =~ DDF_carbon case

1.00E+01
1.00E+00
1.00E-01

1.00E-02

Dielectric dissipation factor

1.00E-03

1.00E-04
1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02

Frequency (Hz)
3UT 4.23 nsmluansmaiUSsuiisuaunninesanugyideladidnainuesdunadeunasiiass
ANLEBNEaN TN IIANTULaz AL Uz lou MuTunadeunsudiasindud@endn nuesdiy

NAFOUTUN 2



77

4.4.3 MmaUFsuidisuunninaiaugyideledidnainvesiunadauiiiiunisdnans
1 ¥ . b v ¥ ’

NIHBUENINNIIAUTIANUTULAE T LU TD2 UaUY R TUNAFRUTUN 3

wWiguiflguAuinimesnugydeladianainvesliunedaunaukayndediasiniiy
Houanwnemnuiuuazdudsendeu
1.00E+03

= DDF_before simulation = DDF_water case

1.00E+02 = DDF_carbon case
1.00E+01
1.00E+00

1.00E-01

1.00E-02

Dielectric dissipation factor

1.00E-03

1.00E-04
1.00E-05. 1.00E-04 1.00E-03  1.00E-0Z2 ~1.00E-01 1.00E+00 1.00E+01 1.00E+02

Frequency (Hz)

JUM 4.24 nywlianimsiSouiisumunnimaiaugydaladidnainuesiunadeundidias
ANUEONAN NN IANNTULAAUSavUaY NMUTUNAADUNDLINABIRNUEILANM NYBITY

NOADUTUN 3



78

4.5 msdeszddnsndludinnuiuysey (C ratio) vostUNAFDULIULLDITIADS TN
$rapensidousnwInsAuoy

vhmsi3suifisuadandiumanuivlizquestunadeunouasndsiiaany
donanmidessnaudoudigaumgll 100, 130 uar 160 esmealdea WWuian 6,12, 24 uay
36 Hala9 vesuFATTUNATOY

4.5.1 nwuﬁauuﬁauﬁﬂé’miﬁd'sudﬂﬂ'J'mLﬁ‘uﬂ's::a,ruaq?}'uwﬂaauﬁshum'sahaaamw
\deuanmmaudeuiigamai 100 ssrwadea iuinan 6, 12, 24 uas 36 4alus vas
Funeseuduil 1

WRruifisumdndumenuifiuuszquesiunaaeutounazviehas sanudonanin

anwillesnnanuSeufigamgd 100°C 1Wuan 6, 12, 24 waz 36 Tl

BOE C ratio_before simulation C ratio_6Hr
Cratio_12Hr C ratio_24Hr
— C ratio_36Hr
P
=
9
U
1.00E+00

1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02

Frequency (Hz)

JUT 4.25 nsmluananisiUSeuiiiuandnsaiumnnuiivlsEguestunnasundsdnaeniy
denanmillesannanufoufigamgll 100°C 1Wunan 6, 12, 24 uaz 36 Falus fuTunadey

NOUIABIATUFDNANTNVDIVUNAABUTUTN 1



79

4.5.2 Msi3suiflsudidnsndrudianuifivlszquasiunageuiiiiunissianenis
\deuanmnindnudouiigumadl 100 ssanwaldes 1Wulaan 6, 12, 24 uas 36 Hlug vag
Funarauduil 2

\ReudeudandumanufuUsruestiunadeuteunarudsiaosrudouanin

anwillesananuieuiigamgll 100°C Wunian 6,12, 24 uaz 36 Falus

3.0E+00
= ( ratio_before simulation == C ratia_6Hr

= C ratio_12Hr Cratio_24Hr

— C ratio_36Hr

C ratio

1

1.00E-05 1.00E-04 1.00E-03 1.00E-02 = 1.00E-01  1.00E+00 1.00E+01 1.00E+0Q2

Frequency (Hz)

JUT 4.26 nssuansnIsiBuifieumdnsidiumanuiulseauestunaaeundsdiasininy
denanmidlesananudouiigamall 100°C Wunm 6, 12, 24 war 36 Talue fuduvedou

NOUINADIAIUFDUAN THUBIBUNAABUTUT 2



80

4.5.3 maeuiilsuArdnsidrudinnuiulszguosdunasauiiiiunissiasinig

\dauan1mmenuToudigamgil 100 asrngaldea luiaan 6, 12, 24 uaz 36 9alus 9a9

Funaseudui 3
WRguWguAdnTadumauivlszarestunadeunaulayrdidiaasanudonanimn

anmidesnanuieudigamgil 100°C 1Juian 6,12, 24 way 36 Falus

3.0E+00

C ratio_before simulation C ratio_6Hr
— C ratio_12Hr C ratio_24Hr
C ratio_36Hr
2
s
A
(W)

1

1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02

Frequency (Hz)

JUN 4.27 nevuaninsidSeuifisurdnsdiuaiaivUseguostiuneasudidao sy
dewanmmiesnnanuiaunianyigd 100°C Wuan 6, 12, 24 uay 36 Falus MuTunedey
NeudAeIAUTNANNYBIFUNAADUTUN 3



81

Ed ]
4.5.4 MsFsuiiisuangasidruainnuivuszguesdunadeuiiniunissiananis

@anan mwnsanniouiigamngll 130 asrngadea Wulian 6, 12, 24 uay 36 4alus 989

& & 4
FunaseuIui 1
WiguWeuAdndumanuiulsequestunaaeunoulazrdisiassmudsuanin

anilesinanusouiigamgd 130°C Junm 6,12, 24 uaz 36 Falus

5.0E+00
C ratio_6Hr

C ratio_before simulation

Cratio_12Hr Cratio_24Hr

e ratio_36Hr

C ratio

1

1.00E-05 1.00E-04 1.00E-03 1.00E+00 1.00E+01 . 1.00E+02

1.00E-02 -~ 1.00E-01

Frequency (Hz)

JU 4.28 nemuansinsidFeuiigumdnsidiuaianuivlseue diunadaundidiasnang

u
denanmillesnanuseufignugll 130°C Junan 6, 12, 24 ua 36 Talus AuTuneaey
fieudaeInINdeNaN YR WNAREUTUT 1



82

4.5.5 MmalTsuiisuatdnsrdiudinuiulszquastunagauiiiiunisiasinis

\@ananmnIsAuTauNgumgll 130 asagalded lWulian 6, 12, 24 uag 36 Falus vas

FunagauIuin 2
WsueuAdaTdumAN LN UUsyIUesluvadaunauLagiasiasIm I dou an 1w

anmilasnanuieunoamgll 130°C Juin 6,12, 24 uag 36 Falus

4.0E+00
— C ratio_before simulation

— C ratio_6Hr

— C ratio_12Hr
Cratio_24Hr

= ( ratio_36Hr

C ratio

1.00E-05 = 1.00E-04 1.00E-03 ~ 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02

Frequency (Hz)

JUM 4.29 N9 19uanIN SUTeuis uANdns @A UY S UOTUVIREBUMA ST AR IAY
denanmilesnnarmiourigamgll 130°C \uwial 6, 12, 24 uaz 36 Falus MuAunaden

ABUI1ADIANULADNEANINVAITUNAADUTUR 2



83

4.5.6 nsUIBUITisUATERTIdIuAIAULUUsE QR st U UTH UM SSIABNTS
\denanmnisnnuieufigunafl 130 ssrwaides (Juiaan 6, 12, 24 uaz 36 dalus vas
Funemoutui 3

Lﬂ‘%&jmﬁaumé’mnﬁmﬁimmuLﬁwfsxagmaﬁumaawﬂ'auu,awﬁaﬁwaaemmﬁauamw

anmiflesananuiouiiaamall 130°C \Wunan 6, 12, 24 wax 36 Tl

3.0E+00 _
Cratio_before simulation === C ratio_6Hr
C ratio_24Hr

Cratio_12Hr

e C ratio_36Hr

C ratio

1

1.00E-05 1.00E-04 1.00E-03 ' 1.00E-02 1.00E-01 = 1.00E+00 1.00E+01 1.00E+02

Frequency (Hz)
SUT 4.30 namuananisisuiisuasasdiumenuifivussgestiunaaoundsiiasamy
devanmilasmnannudeudigumg 130°C Wunm 6, 12, 24 uaz 36 dalus Autunadoy
roudhasinuidenan nuestiunadeutui 3



84

4.5.7 mawFsuifisuArdamdrudinanuiivyssguastunadauiiniunissiasanis
\Heuanwmsadutoudigamgdll 160 ssawaided iutaan 6, 12, 24 uag 36 alue vos
Funpdoutud 1

WReuisumsnndumeanuifiuuszuestunaseunounasmdsiassmudenanin

anflesnanuiouigamgll 160°C Wwaan 6, 12, 24 uay 36 Halus

3.0E+00
— C ratio_before simulation = C ratio_6Hr

Cratio_12Hr Cratio_24Hr

C ratio_36Hr

C ratio

1
1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 - 1.00E+02

Frequency (Hz)
JUT 4.31 nalianinisidiouifisumdandiudianuivuseguastunnaoundsdnassany
Wenanmiliasnnauieuiaamgll 160°C Wunal 6, 12, 24 uag 36 92N MuBuvndey
newdnasInNUFeNENNYBTUNAFBUTUN 1



85

~ o ' ' o o o
4.5.8 ﬂqﬁLﬂ%ﬂULWﬂUﬂqﬂﬂﬁqﬂQUﬂqﬂ'J'HJLﬁUU'iga'ill’f.laﬁ‘ﬁuWﬂﬁau‘l’lwquﬂqﬁﬁ]’]aﬂﬂﬂqﬁ

@ouanmnsanuiouiigungll 160 asagaded 1Wuiaan 6, 12, 24 uaz 36 92lus ¥as

FunegauIun 2
WRguiWiguadnsdumanuivlszguesiunageunoutasndsdiaasmud onann

anmiflesnnnauieuiigamall 160°C WJuian 6, 12, 24 uaz 36 ke

4.5E+00
— C ratio_before simulation e C ratio_6Hr

C ratio_12Hr C ratio_24Hr

C ratio_36Hr

C ratio

1
1.00E-05  1.00E-04 1.00E-03 1.00E-02 = 1.00E-01

Frequency (Hz)

1.00E+00 1.00E+01 1.00E+02

FUN 4.32 nsmluansnsiuSeuiisuAdnsdiunuiulsegue @uveaeund i ae ey
deuanmitlesannaruiouiigamall 160°C Wua 6, 12, 24 uaz 36 Falus AuTunedeou
naudIaeIAUHaNaAN NI TUNAADUTUN 2
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4.5.9 mnﬂ‘%anl,ﬁﬂuﬁﬁé’ﬂﬂzi'mﬁﬂmnmﬁ‘uﬂs:a;uaq%uwﬂaauﬁﬁhunﬁﬁ']ammi

\d@ouanmnisauiauiigangll 160 ssawaded Wulian 6, 12, 24 uaz 36 9alus 989

Funadauud 3
WisuilguAmdnamanuiulszguestunegeunoutaywdssiaosm udonann

aniilesnauieuigamgil 160°C Wuan 6, 12, 24 uay 36 Falas

2.50E+00

— (C ratio_before simulation — Cratio_6Hr
C ratio_12Hr Cratioc_24Hr

—  ratio_36Hr

0

S

2

)

1
1.00E-05 1.00E-04 1.00E-03 1.00E-02

Frequency (Hz)

1.00E-01 1.00E+00  1.00E+01 1.00E+02

JUN 4.33 nsuansnisidSeuifisumdnsiaiummiuiuUssqueunadeundedianindy
denamwidesnnanuiouiignmgfl 160°C WJunan 6, 12, 24 ua 36 Falus fuduneaey
naudnagIANLdaNAN NYBITUNAFEUTUT 3
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4.6 NM13AATINIATIEIWAIAMUAUUTEY (C ratio) VesBunadouLIULUBLIIBSTIHIUNNS

V18DINTLFDNANINNIAMUIAMLT LAz FaU sasTau
MmsIsuiisuAdnsdiuaIauuUsEUeslunndeufoulas nasiaa 1Y

W@RUEaNMMLD9I1NANUMANLTURALAAUTOL U VOILRAZTUNARU
4.6.1 MaTeuiiisuA1dnsndmuAIanuuUTEUDIunaauTiInIUNTIIABIN1g

- & : % ¥ & o
\WouanmneauduLaziwlseziauvasdunasaudui 1
Wisuieumdnmaumanuiivdszguestunadaunsunasndediasinnuidoudnn

Wasnanutusardalsesiou

4.00E+00
= ( ratio_before simulation

— (C ratio_water case

C ratio_carbon case

C ratio

1.00E+00
1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02

Frequency (Hz)
JUN 4.34 nevlansmsiUSeuieudidnsdiudanuiiuyseuesBunadeundasiaasaany
@ouaN WNNAMLANLTULArALUSa WaufuTunadaunaudasdnude uan 109y

NAFOUTUR 1
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4.6.2 nMsLUTsuLfisuAdnTduAIauiulsEunsdunedouiidiunisinaninig

; z ; & & 2 g
\Houanmnsanuuuazialsesilouve sWunadoutui 2
WisuWeumdnsidiuniniuivlszquestiunadounaulaydisiassnnudenan v

WasnmuTukazdaudsesiou

4.00E+00

Cratio_before simulation

Cratio_water case

=~ (C ratio_carbon case

C ratio

1
1.00E-05

1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02

Frequency (Hz)

JUM 4.35 naneanisivieudisumnsiaumanuiivysenesdunedoundsinaeniy
W@oNANINY19AEANNTULaYAUsavauniuTunedaunauiNaasn L@ auda M N DIty

VAFADUTUN 2
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4.6.3 nswTeuiiisuArdnsdiudianuiulszguesfunasauiiiiunisdiasinis

@ouanwWnIANUTULasdaUToiUouvastunaaauIui 3
WRruifeuandnsaiuainuiuyszueiunadounaukasndeiiasinuideNan

Wasnnautulazdudsevioy

5.00E+00
— C ratio_before simulation

C ratio_water case

Cratio_carbon case

C ratio

1
1.00E-05

1.00E+00-1.00E+01 1.00E+02

1.00E-04 1.00E-03 1.00E-02 1.00E-01
Frequency (Hz)

JUN 4.36 nT1uanInTTuifoumdnsidiuanuiuU s e tunn e URE I 1a0 A 1Y
dendanmnenuANNTkariudsevleuiuunadeunaudtaesmudesan nuasdy

NOFABUTUN 3
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w 'Y P a P o
4.7 n1snadsulanssualnanlsdiwdunasflinanl s e durosTunaasuusLASNHIUNTS

I1a0INSLHIUANINTNIALTIU

]
- o

nnnsadeuinAnszudlnanlidiedunasinalsdiedufinsesvhmeluiesufuRni s
inmsmuaugugiilugie 19-25 ssmieadea wavAruAuAINTuduRMSTute 41-50 % lng
N13BUTINTLUANTIVLIA 500V Fsldvinnsveaeululiunagaudiuiu 12 Fu fdiunisinaes

=

ANULdBNENWINIANLTRUGMUMN 100, 140, 180 wag 220 sermwaidud Lﬂuﬁﬂuauqquuaz

s

3 Yuneday Tanununsdinisvegauland

1. newimsdnaesmaidenanmmennuseuiigamgl 100, 140, 180 way 220 93A)

waduaduiniugunglay 3 Junndey

2 shumsiaeenisidendanmvnenuiouiiaumal 100 ssewaidva [Junal 6, 12,

18 way 24  Tala Wusuu 3 Juvaday

3. iunsiaesmsifiendan e nuseuiigumall 140 esrnwaidua Hunm 6, 12,

18 way 24 Ty Wusway 3 Juneaou

4. shunsiaesmsidenan i nuieuiiguuall 180 esAwaidua [Wua 6, 12,

18 way 24 Filug Wudwau 3 Tuneaay

5. WuMsiasImsidenan wneaNLieuiigamgil 220 ssrwadea Wuna 6, 12,

18 wae 24 T7lus 1Wusuau 3 Funeasy

nduinaflauUIsuis Ui o i N0 INaN 1T NAARUANIUNITI 1809015

dauan e uSeuiigumgdnunsaldnw



91

]
] o =

4.7.1 Junpdeuualnasfii1un153aenuEsnan wn1sALsauiigumad 100

U

DIANYALY Y HVDITUNAFDUTUN 1

v [
4.7.1.1 MW UTBUNAYRIAINITITLN DTV ITUNA @D ULBDLADTNHNILNITINED NS

\WouanmnisauTauiiguugll 100 asrwaldes \Wulaan 6, 12, 18 uas 24 Falus

A13197 4.13 gl (O), nszuansAna (), sl (1), ANuTuduing (%RH)
wagAeyiligedn (P) vestuvadeunoularraidiassnudenan nneenusoufionmgd 100

parwanded Wunal 6, 12, 18 way 24 971U UesTunaaouTui 1

WIine sTunadeud 1 C (pF) le (PA) T (°C) %RH Pl
Afisalduneiaurinnissnans 185 39.3 22.8 a6 171
AL EaNENTW
Afisaldvawinn1ss1ansnu 184 6.8 223 44 1.92

vauan wiiluan 6 v,

Asaldndsinnissiassay | 184 -0.4 22.0 46 1.90

Hauanwiuan 12 .

A3 Alanasinn1ss1aeany 192 0.1 22.0 a4 1.68

Lﬁauammﬁunm 18 wu.

ATl Ena Win1531a9AY 183 0.4 243 43 1.9

dananiwiduian 24 .
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4.7.1.2 MswWiguifisunavaanseualnanlsdedunasalna lsdistuuasdunaaaun

'
= =

HrunIdnasanadeuan wmneaufeuiiguugll 100 ssanwaded Wuaa 6, 12, 18 uae
24 F3la

1.00E-07

= | pol._before simulation —————- | depol._before simulation
| pol_6Hr  eeaaa. | depol._6Hr
lpol._12Hr  eeea-- | depol._12Hr
| pol._18Hr | depol._18Hr
1.00E-08 lpol_24Hr eeeea. | depol_24Hr

1.00E-09

1.00E-10

Current (A)

1.00E-11

1.00E-12

1.00E-13

1.00E+00 1.00E+01 a 1.00E+02 1.00E+03
Time (s)

JUN 4.37 namluanansidieuiieunseualnanlsdieduiaznszuadlnanlsdedures@unadeu
nasaeInIderanmienInauFeuiaavgl 100°C Juan 6, 12, 18 uay 24 Falus

AUTUNAADUNDUTABIA N UFBNANNURIBUNAADUTUR 1
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1UN1591809AMUEINANINNIIANUTOUTIDUNH 100

9

=l

4.7.2 YUNAFDUNDLADIN
2

DIAY ALY EVDITUNAADUTUY

4.7.2.1 NMSUSeUgUNaYRIAINITIELA DS VDITUNAFDULAULUDLILADITINIUNIS

assmadouanwnisanueuiiguugll 100 asrndulam 6, 12, 18 uas 24 Halus

o

A13199 4.14 Aanulid (O, nseuansrne (), aamad (T), ANFUSUANS (%RH)
wazAradiBedn (P) vesliunadeunouwagndsinaeInudonan wneauTauiigumvgd 100

peraded [Wuna 6, 12, 18 way 24 Talug vastunndauIui 2

v

WisfiwasBunaaaud 2 C (pF) le (PA) T (E) %RH PI
Aisaldunziauinnssians 188 7.4 24.5 a6 2.01
AL DA
AR lENaINN1531a84A"Y 194 0.3 21.8 a5 1.87

auantwidutian 6 v,

At aldvasinnissnaasay 185 0.2 22,5 a2 1,97

Aauanwiduian 12 wl,

v
oW

ANMIALANAIININITINEDIAI 188 0.1 21.8 43 1.60

auanwiduian 18 .

Asaldudsinnissrananu 193 9% Dy 41 181

wEauanwdurian 24 .
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4.7.2.2 nsil3auLfisunavsanseualnanlsdiwdunasflwanlsdiwduy osdunagaun

Hunsdnasemsidoudn mmsnuFeuionmgil 100 ssrwaided e 6, 12, 18 uas

vy
24 9719
1.00E-07 - -
| pol._before simulation = =esa=- | depol._before simulation
lpol._6Hr eeea=-. | depol._6Hr
lpol._12Hr eeeaa-. | depol._12Hr
1.00E-08 | pol._lSHr | depol._lSHr
| pol_24Hr ececee=- | depol_24Hr
1.00E-09
1.00E-10
Z
e—
=
v
5 1.00E-11
@]
1.00E-12
1.00E-13
1.00E-14
1.00E+00 1.00E+01 1.00E+02 1.00E+03

Time (s)

JUT 4.38 nyvluanen1sidIeuifieunseualnanlstwduiasnssuadlnanlsdwduve sWunaaay
vdsdnaasrnudevannidesnanuseunenmgll 100°C \Uuan 6, 12, 18 uax 24 Falug

AUTUYIAROUNDOUINADIANULADUANINUDITUNAFOUTUN 2
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4.7.3 %u‘wﬂaauuama%ﬁsi']un'l'sai"lammwlﬁamamwmamﬂu%auﬁamwgﬁ 100

9

DIANYALYY AV ITUNAFDUTUN 3

4.7.3.1 M5\WIUTEUNaYRIAINIT1TLA 5V TUNAFDULBLADTMNIUNITINaBINS

@ouanmneanuiauiigumgll 100 asrwaldes \Wulaan 6, 12, 18 uas 24 93lua

s

A13147 4.15 Arnnuglni (O), nseuansine (1), aaungd (), ANUFUFURANS (%RH)
wazAeRilidedn (PI) vesuneaeunoukasdsdnaeinudenanmmneanuseufigumall 100

eAwaNdEa Wunal 6, 12, 18 wag 24 17lud vesunaaauiudl 3

v

Wdwmaitunadaoud 3 CEF | LA | TCO | %RH PI
ATalduneiourinnissnans 185 0.2 21.9 45 2.13
AALERLENIN
AsalEvasinn1ssnaseny 170 5.2 22.9 48 1.67

Hauaniwiduwan 6 .

AT alanawin1331a89A21Y 186 1.9 22.2 a7 1.06

dauan wilusaan 12 vy,

Afsaldnasinnnssnansny 178 0.9 22.4 43 1.39

Wauanwidunan 18 au,

AfTalEnE w155 1a99AY 189 0.4 22.9 a1 g

dauaniwidunan 24 vu.
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4.7.3.2 maTyuiiisunavasnssudlnanlsdiwdunazilnanlidieduve sWuneseau
funsinaesndendnwnsAuauiiguugl 100 serwalded Wutian 6, 12, 18

wag 24 Y7lag

1.00E-07 -
| pol._before simulation === eeee=- | depol._before simulation
Ipol_6Hr  ece;ea-- | depol._6Hr
Ipol_12Hr eeee-- | depol._12Hr
| pol._18Hr | depol._18Hr
—|lpol_244r eemea- | depol_24Hr
1.00E-08

1.00E-09

Current (A)

1.00E-10

1.00E-11

1.00E-12
1.00E+00 1.00E+01 1.00E+02 1.00E+03
Time (s)
JUM 4.39 nnuaninsidieuifleunseudlnanlsgetunar nszuailnailstiedunestunagou
“asitaesAudeNan wnidesananuieuiiaamall 100°C Wunan 6, 12, 18 way 24 F7lua

AUPUNAFDUNBUTIABIAINUEILANNVRITUNAFDUTUN 3
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4.7.4 Fuvedeunamaifiiun1sdtassanudananinmeanuioufigunad 140

U

A ATy dURITUNAFDUTUN 1

= 1 = & g gl o
4.7.4.1 ﬂ"l‘iL‘U%EIULWEIU HAYDIATWNITIULANDIVDIYUNAFDUNBDEABINHIUNTTINEBDING

\douanmnsauiouiigaugl 140 asrwadea Wue 6, 12, 18 way 24 Falus

M15199 4.16 AUl (O), nseuanannd (1), aeumad (1), ANuTudusing (%RH)
wazAuilBedn (Pl) vestunadeuneuwagndidaesmudonan nnnnuseuiigumgd 140

parwaldua Wunan 6, 12, 18 way 24 Falus vesdunaaeuiud 1

v

WIsfimasTunaaoud 1 C (pF) le (PA) T E %RH Pl
Afisnldvneiaurinssnans 191 0.0 225 44 2.87
AU NENN
AR lanaeinnsnaaenny 193 26 46 46 172

Hauan1wiluan 6 v,

AT lEnawiN15s1a99AY 191 Ll 216 a5 1.14

Wauanwiduiian 12 v,

At aldvaerinn1Isnassany 191 0.9 23.6 a4 1.9%

Hauan wiluan 18 .

ATl nS WN531899R Y 185 0.9 22.6 44 1.10

Wdananiwidutaan 24 v,
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4.7.4.4 nsil3euifisunavaanssuainanlsdistunaslnwanlsdeduy ot unagaud

Hrunsdnassnsienan wnisafouiigamall 140 asrwaldes Wua 6, 12, 18 uas

o
24 97lug
1.00E-07
| pol._before simulation = eeee=. | depol._before simulation
— | pol_6Hr eeema. | depol._6Hr
lpol._12Hr  ece==-. | depol._12Hr
1.00E-08 | pol._18Hr | depal._18Hr
Ipol_24Hr  eeee-- | depol_24Hr
1.00€E-09
1.00E-10
<
+
c
&
5 1.00E-11
)
1.00E-12
1.00E-13
1.00E-14
1.00E+00 1.00E+01 1.00E+02 1.00E+03

Time (s)

JUN 4.40 nyvuanansitSeuiisunseualnailstindunasnssuaiinatlsoduvesuneaey
wisdaesnadenanmilesnnanuseuiionmg 140°C \uan 6, 12, 18 waz 24 Falus

AUTUNAADUNDUIIADIAUEO NN INVDITUNAGOUTUT 1
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[ o

4.7.5 Funadauuamainiiun1sIaesANudsNanMNIANauTiangd 140

v ¥ '
AL EVDITUNAFDUTUN 2

4.7.5.1 NM5USeULgUNaYDIATNI T TLAD SUDITUNAEDUNDLABDSTIHIUNIS I1aD9AT

Wouanmnieauioungumgil 140 ssrwaded WWuan 6, 12, 18 uag 24 42lus

e Qs &

M5199 4.17 Arpuglnih (O), nszuanadng (1), gaml (1), Aruiuduivg (6RH)

wagA gl (P) veslunadeunounagnisitassmudeuaninnanuieufigamgd 140

paFaed Wunal 6, 12, 18 wag 24 Tlud vesTunanaeuTud 2

k4

Wisiwestunaaauii 2 CF | L(pA) | T(C %RH PI
AiTaldunzAauIN1s3Na0s 170 1.3 21.9 a6 2.90
AMULEBLEN N
AnfiTnlanasinn1ssnassny 177 0.2 22.0 a5 5.18

WEauan Wil utian 6 Y.

AT A lENaINN1531a99AY 172 -15 228 46 2.10

Houanwiduian 12 v,

ATiTaldvnasinnnssnansany 168 0.7 22.6 a4 1.94

HauanwiuLaan 18 .

ARl g sin1531a0eRNL 172 0.3 21.6 47 2.93

douaniwdutian 24 ¥y,
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4.7.5.2 mswWisuiiisunavaenszudlwanlsdiedunasilna lsdiedurestunaaaud

]
= =

HIuMsIIaBNSEeNan NI SauNgamRl 140 asanwaldud Wulian 6, 12, 18 uag

o
24 7lug
1.00E-07
| pol._before simulation === eeees | depol._before simulation
| pol. 6Hr eeee- | depol._BHr
lpol._12Hr eeee- | depol._12Hr
[pol._18Hr eeee= | depol._18Hr
| pol_24Hr Depol_24Hr
1.00€-08
1.00E-09
A
-+
=
o
=
O 1.00E-10
1.00€-11
1.00E-12
1.00E+00 1.00E+01 1.00E+02 1.00E+03

Time (s)

JUT 4.41 nsviuansnsilieuidfleunseualnanlsaisdunaznsziadinal st duvostiuneaay

wasinaasmdoranmilonaueunigamall 140°C Juian 6, 12, 18 uay 24 Talus

2
@ A I

AUTUNAADUNDUTABIANULEDUANTNVDITUNAFDUTUN 2
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4.7.6 FunadpunBlARINNIUN1TINBIAMNLEDNANIWNIAMUSDuTigugTl 140

DAY AIT Y FUDITUNAFDUTUN 3

4.4.6.1 NM5USHULTNBUNATDIAINISITLAD SUDITUNAGDULBLADTNHIUNITINEDINTS

Wowanmnisauaungamnll 140 ssrneades Wuean 6, 12, 18 uag 24 43lus

M13197 4.18 AUl (O), nsxuansdne (), aunal (T), ANTUENINS (%6RH)
warAduiliBetn (PI) vesiunadeuneulazuddtassmudenan mneanuioudigungd 140

paFwaed Wunan 6, 12, 18 way 24 T1lus vestunadauiudl 3

il

WS SmosTunadaud 3 C (pF) le (PA) T %RH PI
Adialdvnsiouinnssians 166 05 219 49 3.02
AL EDNENN
AdiTaldvdeinnissiaesny 158 0.5 21.8 45 4.86

wdauaniwiduiaan 6 v

0
(e

AR LANAIINITINADIAIY 162 13 22.0 47 1.84

Wanan WLl uIaT 12 3.

V
1~

AMIAlANaWINN1TINEDIAIY 167 N\ Y ai 46 1.16

douanwidutian 18 .

AT lENE WN1531899AY 161 053 216 a8 2.38

Houaniwiduan 24 v,




102

4.7.6.2 msilSpuiiisunavaenseualnanlsdiedutaslnanlsdiwduvasdunaaau

Hiunsinasenisidesan s iouiigamgll 140 aswwaded Wunan 6, 12, 18 uas

o
24 Flu3
1.00E-07
= | pol._before simulation == =====. | depol._before simulation
lpol._6Hr  eeeea- | depol._6Hr
lpol._12Hr eeee—- | depol._12Hr
| pol._18Hr | depol._18Hr
1.00E-08 I'pol_24Hr  eeea=. | depol_24Hr
1.00E-08
<
~ 1.00E-10
4
=
e
5
o
1.00E-11
\»‘\_
1.00E-12
1.00E-13
1.00E+00 1.00E+01 1.00E+02 1.00E+03

Time (s)

JUN 4.42 nvuansnsifSeuiisunseualnanlsdietunaznssuadlnalsdieduvostunasay
ARsaesmNUFoNan wiianaLTauigamall 140°C 1Wuian 6, 12, 18 way 24 Il

AUTUNAADUNDUTIADIAI U EDLENTNUDITUNA @D UTUN 3
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]
] ] s

Y ¢ o i o ~
a.7.7 ﬁuﬂﬂﬁaumatﬂﬂﬁwN']uﬂ']i;]’laa\'iﬂqqulaaauﬂﬂ']W'VI']ﬂﬂ?quiaqumﬂﬂ&l 180

LT

8 v '
DIANYALYY FVDIT UV A DUTUN 1

4.7.7.1 M58V UNATDIAINITITLNDIVDITUNAEDUN LA DS TINIUNITINEDINTS

idoudnmnieauTouigugil 180 ssawalled Wulian 6, 12, 18 uaz 24 H7lus

M19199 4.19 Arauglnd (O), nszuandfng (1., aamal (1), AnuTuduing (%RH)
wazAyliBen (P) vesuvedeunoularraidtaesnudenanimnanuioufiongl 180

paFLaLdeE [Wunal 6, 12, 18 ua 24 97149 VeITUNAdUTUN 1

WsiwesTunaaauii 1 C (pF) le (PA) Tt %RH Pl
Afisaldunsiauriinissians 187 20.1 22.0 a8 1.89
AMULEDLEN N
ATTaldnaeinniss1anenIy 183 0.4 23.4 44 3.7

HauanduLaan 6 Y.

A
o=

AR LANaIINITINa9AY 191 0.2 21.9 46 1.44
Fouanwidunan 12 v,

ATIAlaNE Winn1ss1aeAY 183 1\K 21.9 46 1.64

iHauan wiluan 18 v,

AT ALENE iN153189AY 184 s 22.4 46 4.09

auaniwidutian 24 wy,
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4,7.7.2 mMsiUauiisunazaanseid lnanlsdisdunazilwan s wduuasdunagau
frirun1sdnassnsdenan nnieanaiouiiguuadl 180 asrnwaldes Wuan 6, 12, 18

way 24 Yalus

1.00E-07
I pol._before simulation = eeee-- | depol._before simulation
| pol_B6Hr e=aa=- | depol._6Hr
Ipol._12Hr eeeea. | depol._12Hr
| pol._18Hr | depol._18Hr
1.00E-C8 Ipol_24Hr —  —  Gese=s | depol_24Hr

1.00E-09

1.00E-10

Current (A)

1.00E41 ]

1.00E-12

1.00E-13
1.00E+00 1.00E+01 1.00E+02 1.00E+03

Time (s)
JUR 4.43 nevuanansilSeuiisunseualnanl sdedusasnssuailnanlsdieduvostunaaey
wasdaemdoNanwilesanaTeufigamad 180°C iuiian 6, 12, 18 way 24 43l

AUTUNPADUNBUINBDIANUEDUAN NV UNAEDUTUN 1
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=

TUNT5INRDIANUTDNENINN9ANUTRUTIDUNYTT 180

U

=

v 1

4.7.8 JUNAHOUUBLADIN
17 v

DAY ALY EVDITUNATDUTUN 2

1 [l o

4.7.8.1 NM5tUFeUiigUNaYRIATNITIALNDTUDITUNAFD UL LA TINIUNISI18D NS

= =

dauanunisauiauiiguugll 180 ssdwa@ed Wuian 6, 12, 18 uaz 24 F7lus

s L3

A13199 4.20 AANUTLINAT (O), nTEUandAng (I,.), 8l (T), ANUTUALRNS (9%6RH)
wazAAuilen (PI) vesliunadeuneularnisitaesmudenaninnianuioufignmgll 180

QIATALTEE Wual 6, 12, 18 waz 24 Tlue VeITUNAaauUTUN 2

W nasTunagaudi 2 CPER | LA | TCO %RH Pl
Afinldvneiauinnissans 186 13.3 20.6 a6 1.81
ﬁ'?"ISJLa.EEJﬁﬂ'TW
Afisaldnginn1ssiansny 183 0.4 23.4 aa 4.55

auanwiluLan 6 vy,

Afinldudwinnissiansaana 190 NNl 46 1.78

Wauan widuwan 12 vu.

A aldnawinn1ssianeny 187 4.4 22.4 a6 1.38
Fouanmiduwaan 18 v,

1 Y

AR lendwinN1ssnaneny 176 0.3 22.6 41 1.59

Wauan widuran 24 v,
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1
4.7.8.2 msilSeuiisunavaanssnalnanlsdiwdunazalnanlsdieduusdunagau
firiunisdnaesmsidonaniwnienduiouiigamgll 180 asrnwaided 1Wuiaan 6, 12, 18

ag 24 Falug

1.00E-07
| pol._before simulation == =eea-. | depol._before simulation
Ipol_6Hr  eemee. | depol._6Hr
lpol._12Hr eem==- | depol._12Hr
| pol._18Hr | depol._18Hr
1.00€-08 lpol_24Hr — aeeaa. | depol_24Hr
1.00E-09
< 1.00E-10
=
=
o
o
U
1.00E-11
\\
1.00E-12 \
‘\
\
1
1.00E-13
1.00E+00 1.00E+01 1.00E+02 1.00E+03

Time (s)

JUT 4.44 nuanansiUSeuiisunseualnanlsfigdunas nseuailnalsdieduve suvndou
waednaesrdenanmillosnanuioufignmg 180°C 1Wuian 6, 12, 18 uax 24 Falus

AUTUNAFUNDUINRDIANUFOLENINVDITUNA AR UTUN 2
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'
] o -

4.7.9 BunaiauLBlARIINIUNITIIADIANUEHDNANINVN AN SaUTIgungT 180

u

DA ALY AV RITUNAEDUTUN 3

4.7.9.1 NMSUSHUWTIBUNATBIATNISIALNDTUDITUNAFD UL LA DS NNIUNITINADINS

i
= -~

\WonanmnisanuTounigamall 180 asangaided 1uian 6, 12, 18 uaz 24 93lug

M13197 4.21 AANNYLNTI (O), NIUanIAni (), aeunnd (1), ANUTUALINS (%RH)
wazAdyilidedn (P) vewWunadeunoularrdediassnudenan nneanuioudigungl 180

pamwaded Wuna 6, 12, 18 uay 24 97lus vostunaaaudui 3

o

W fiwesTunagaud 3 CPR | LA | TCO %RH Pl
AriiTaldvsnournissians 195 2.6 7N a7 1.86
AL EaNENN
AfiTnlduasinnssnansaany 190 a2 2.6 43 2.59

ouanmwiduiaan 6 v,

AfiTalaunasvinn1ssnansany 193 0.6 225 46 1.54

dauan1widuan 12 v,

AT alduainn1ss1a09R27M 188 0.2 22.0 45 1.25
Fouanwiduinan 18 v,

AT lEnawinN1sI1a99AY 184 -0.9 228 a5 1.35

Houanwdutian 24 vy,
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4.7.9.2 mMsiUivuiisunavaansealwanbsdtunaziinan lsdiedurnsdunndau
wiuntsinasensdenan AN Fouiigaumgll 180 avrwades Wulan 6, 12, 18

wag 24 Y7lug

1.00E-07 -
— | pol._before simulation = 10 eeme=- | depol._before simulation
= pol_BHr . eemme-. [ depal._BHr
Ipol._12Hr |  eeeaa. | depol._12Hr
| pol._18Hr | depol._18Hr
1.00E-08 I e T e P I-depot=24Hr

1.00E-0S

1.00E-10

Current (A)

1.00E-11

1.00E-12

1.00E-13 ] ; :

1.00E+00 1.00E+01 1.00E+02 1.00E+03
Time (s)

JUT 4.45 nevluansmsilieufsunseudlnanlsdiztuuaynssuainalsdisturesWunaday

wasdnaesmudenanmllesnnanuieuigumgl 180°C Wwian 6, 12, 18 way 24 Falue

AUTUNAFDUNDUINADIANULADLENTNVITUNPADUTUN 3
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]
[ (]

4.7.10 FIunaspuNBLARTTINIUNTINARIANULE NN WAL SauTigauugfl 220

DAY ALTFYRITUNAGUTUN 1

4.7.10.1 N5 UHIBUNAYIAINISITNDIUDITUNAFDULBLADSNNIUNISIN1aDINNT

idouanmmeanuToungamgll 220 asawalded Wuaad 6, 12, 18 uaz 24 H3lug

s v &

A15199 4.22 AN (C), NTEUanIAng (), aeungd (1), ANuTuduing (%RH)
wazAAudidedn (P) vesliunadeuneuuazuddiaasrudenanimnianudouiiguugl 220

pareaded Wunan 6, 12, 18 war 24 1119 UesTunagautui 1

v

W fimesTunadau 1 C (pP) e (PA) T FE) %RH Pl
Afivaldvnziaurin1ssiaes 186 2.8 20.9 a5 1.64
AMULEILENIN
A alduaesinnissnansnny 186 0.6 22.3 a7 1.54

youanwidutian 6 .

A lEna swinn1ss1aseaIny 186 03 21.6 48 1.36

wauan wiluan 12 v,

AT nldnasinniss1aasan 155 2\ 21.6 a5 1.31

WWauanwiduian 18 .

AT lEnainN15s1a09AML 161 0.5 24.0 45 1.10

auanwluan 24 vy,
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4.7.10.2 mswSsuigunavaanseualnan lsddunasflnan s duusdunnaau
nunsdnasanisideuaniwnieanuiouiigamgll 220 ssrwaides Wuaan 6, 12, 18

wag 24 YIlug

1.00E-07
| pol._before simulation @ === ==ea=. | depol._before simulation
lpol._6Hr — emee—-. | depol._6Hr
Ipol._12Hr  eeem—. | depol._12Hr
1.00E-08 | pol._18Hr | depol._lSHr
Ipol_24Hr  cceea- | depol_24Hr
1.00E-09
1.00E-10
<
+—
c
&
5 1.00E-11
()
1.00E-12
1.00E-13
1.00E-14
1.00E+00 1.00E+01 1.00E+02 1.00E+03

Time (s)

‘d ) L3 @l Q‘y
sUY 4.46 nsluanmsiUSeufieunseualwatlsdedunaznszuaiinalsdiotuvesiunnaay
wasaesrudevanmilasnanuieuiisamgdl 220°C Juian 6, 12, 18 uar 24 Falug

AUTUNAFOUNDUINBBIANUEDUAN WY DI UNAADUTUN 1
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¥ : § b ﬂl ~
4.7.11 TUNAEDUNDLADINNIUNITINADIAULE DUANINNGA NUTIUNGUNHA 220

D9ANY ALY AVDITUNAGDUTUN 2

4.7.11.1 NM5W3eUiigUNaYDIAINITI LA 5Y DI UNAF D UNBLADSNNIUNITINaD9NNS

= a

\HoudnmneanuFouiigangll 220 ssdwaded Wuian 6, 12, 18 uaz 24 92lug

M99 4.23 Al (O), nszudnsfng (1), gausndl (1), AIuAiudusing (%RH)
warAfe ety (P) vestunadeuneulasuddnassmuidenanmyisanuseufigumugll 220

pefwaded [Wunal 6, 12, 18 wag 24 971U vesiunadouiud 2

wisiiweftunaaaud 2 C (pF) le (PA) T %RH PI
Afisaldaneiouiin1ssans 187 7 ik 46 1.47
AMULEaNENIN
ATalEnawin1ISIaeeny 187 1.1 21.3 45 1.57

Houanwiluiian 6 v,

Aisaldnawin1ssansny 171 1.0 - - ) 45 1.08

EHauan Wl uaan 12 sl

ATIsAldnawinn1sIannw 164 1.0 22.8 a5 1.09

Wouanwidusan 18 v,

Afidalduawinissnanenny 163 11 23.5 45 1.07

Wananiwduian 24 .
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4.7.11.2 msiSpuidisunavaanseialnanlsdiwdunaslnan s turosdunagou

frunsdaesmadenaniwnisauiauiigungil 220 asrngades Wuaan 6, 12, 18

Ay 24 ¥lug

RS | pol._before simulation = eese=. | depol._before simulation
—— | pol._6Hr eeee-. | depol._BHr
|pol._12Hr ~ e=eee- | depol._12Hr
| pol._18Hr | depol._18Hr
1.00E-08 tpol_244r  eccaa. | depol_24Hr

1.00E-09

1.00E-10

Current (A)

1.00E-11

1.00E-12

1.00E-13

1.00E+00 1.00E+01 1.00E+02 1.00E+03
Time (s)

U 4.47 nsmiuanansitieuiieunszualnanlsdiedulasnssuaflnanlsdeduvaBuveaay
wesinaesnudeNanlesnnnSeuiaamg 220°C \uan 6, 12, 18 uay 24 Falu

AUTUNAADUNDUTIADIANUFOUAN NV I UNAFRUTUT 2
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4.7.12 Fuvasaunaineinun1sIaasrNudauan wIIaaTouiguugd 220

=

DA agyaVDITUNAEaDUTUT 3

|3 ] Q

4.7.12.1 N5W3aUisUNaYaIfAINITITie U DI UNAE o UL DA BIIINIUN1TI1aD9NS

[
= =

Lﬁammwmam’m"s'awqmwgm 220 2eANgATYE L“lj‘lJL’Ja'l 6, 12, 18 wav 24 F2la9

e

A5199 4.24 Aranulni (O), nszuandAng (1), gl (1), ANAUFNTNS (%RH)
wayARilidedn (P) vestunndeunoulazudsdiaesmudenannmennuioudigumnll 220

geAwaded Wuwnal 6, 12, 18 way 24 97lus Uesunaaauiudl 3

winfiwasaunageuil 3 C (pF) lre (PA) T %RH Pl
Aialdvaziaurinss1ans 188 7 218 49 153
AMuLEaNEN N
A alEvasinnissnasenany 175 1.0 91,1 a7 2.01

auan1widuLan 6 wa.

ATt alavainn1ss1assaINy 169 2.8 21.5 a7 1.20

Wouanwidutian 12 vu,

[
Ao

AR LANAIIINITINEIA 161 0.6 220 a7 1.54

auan1wiuan 18 v,

ATl ENaIiIN1581a04A Y 160 1.0 223 a5 0.96
Eouanmduraan 24 v,
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4.7.12.2 mawIguifiunavasnszudlnanlsdidunasflnanlsdiodurastunaday
firiunsinaessnisidendnwnieanuiouiigumngil 220 asangaded Wuaan 6, 12, 18

wag 24 Falue

1.00E-07

| pol._before simulation === eeee-. | depol._before simulation
- |pol._6Hr esaaa. | depol._6Hr
Ipol._12Hr eeee—. | depol._12Hr
| pol._18Hr | depol._18Hr
1.00E-08 —pol_24Hr - eccaa. | depol_24Hr
1.00E-09
=
—_ 1.00E-10
1.00E-11
1.00E-12
1.00E-13
1.00E+00 1.00E+01 1.00E+02 1.00E+03

Time.(s)

sUM 4.48 nsmluananisilSeuiisunsenalwailsdwdunaznssuadinalsseduro@unaaau

u

wasnaesnNdeNan wiosnanTouniaamal 220°C Wwan 6, 12, 18 uay 24 Talus

AUTUNAFBUNDUTIADIANULEDUANTNUDITUNAADUTUA 3
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4.8 m3sdaTeiuinneianugudeladiangin (Dielectric dissipation factor ; tand)vas
FunadausainaiiuNsIassMsdesan WAL Sey

ymsuSsuifisumunniesmiugydsladidnainvestunaaauteusasudssnass
mnudenanimidesananufeufionmnd 100, 140, 180 waw 220 esrneaidua Wuia 6,
12, 18 uay 2¢ il vesusiazuvadey

4.8.1 ﬂ‘TﬁL‘LﬁEI‘ULﬁ&IULL‘Nnl,ma‘é!ﬂ’ﬂ&lqvaaﬂlﬂﬁLgnﬂ%ﬂ%a&%uMﬂﬁEl‘U‘?llBjﬂuﬂ'l‘i‘{‘l”lam
n1sidenan wmnenufoudiguugil 100 ssrwaided 1Wulaan 6, 12, 18 uas 24 Falug
yosBuvagouTuil 1

Wibuifuaunninesnugyidsladidnainuesiunnaoueunagvdssiassaay

douanmmwidesnnanuioungaumgll 100°C WWuan 6, 12, 18 uaw 24 Falus

1.00E+01

— DDF_before simulation e DDF_GHF
—— DDF_12Hr DDF_18Hr

+ 1.00E+00 N — e
8 ot
]
I
oF
=
8 1.00E-01
i
©
2
a
5 1.00E-02
=
-
(@)
2 1.00E-03
v
&Y

1.00E-04

1.00E-05 1.00E-04 '1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02
Frequency (Hz)
UM 4.49 nsmuanimsiuSeuiieuamunimasmivagydeladianninvesiunadeundeinas
rsdenanmillesnanusoufigumall 100°C \Wuan 6, 12, 18 wax 24 Falus Auly

NAFDUNDUINABIAI UL ADUAN TNV ST UNAADUTUS 1
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4.8.2 mswieuiisuuiniaesaanugnydeledinainvastunaaauiiinunissnass
mﬂ%‘auﬂmwmamm%’auﬁ'qmwgﬁ 100 aeAwades 1Wuaan 6, 12, 18 uaz 24 Flug
vostuveRauTuT 2

Wisuiioumunnimasawgydeladidnasnvestunedeurousasudesi ansaanm
Fevamwilesnnanufoudigamnd 100°C 1uiian 6, 12, 18 way 24 Falus

1.00E+03
— DDF_before simulation —— DDF_6&Hr

1.00E+02 ——DDF_12Hr DDF_18Hr

——DDF_24Hr

1.00E+01

1.00E+00

1.00E-01

1.00E-02

Dielectric dissipation factor

1.00E-03

1.00E-04
1.00E-05  100E-04 = 1.00E-03 1.00E-02  1.00E-01 1.00E+00 1.00E+01 = 1.00E+02

Frequency (Hz)

U7 4.50 nsmluansmsidSeuiisuaunneiaugydaladidneinvesdunadeundsiians
Anudanan wilesnmuTeuiigamal 100°C Wwna 6, 12, 18 waz 24 dalus Audy

NAFIUADUINGBIANUADLAN TNV DITUNAFDUTUN 2
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4.8.3 m3wSsuifisuuriniaesaugnidsledidnainvesiunasauiiiiunissiass
nsdeusainmisaudeuiionmgll 100 ssrwaidea Wuiran 6, 12, 18 uaz 24 Falus
vosRuNATOUTLT 3

Wiguifsumunninesnwguidsledidinainvesiunadeudeunarndasiassaiu

dewanmidasminanuieungumgi 100°C 1Wuiian 6, 12, 18 uay 24 Falus

1.00E+02
= DDF_before simulation w— DDF_BHr

——DDF_12Hr DDF_18Hr
1.00E+01 s DDF_24Hr

1.00E+00
1.00E-01

1.00E-02

Dielectric dissipation factor

1.00E-03

1.00E-04
1.00E-05 ~ 1.00E-04  1.00E-03 1.00E-02 1.00E-01  1.00E+00. 1.00E+01 = 1.00E+02

Frequency (Hz)

JUN 4.51 nvuansmsilieuifisumunninesanugeydeladidnninveiunadeundsinass

u

Asdenanniilesinmnioudiguygi 100°C Wuvan 6, 12, 18 uay 24 Falaw AUl

NAADUNDUTNA IR ULEOUAN TNV DITUNAFDUTUN 3
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4.8.4 MsiSsuifisuunninefanugnideledidnainuastunagdauiiiiunissrans
nsidevan1wmeaufouiiguvnll 140 ssrwaidea Wuaan 6, 12, 18 uaz 24 Falus
vostunnaauduf 1

Wiuidieuaunnimesn gy deladidneinvestunadeueutazudssiassainy
evanmiilosnnmiuouiigumgll 140°C Huien 6, 12, 18 way 24 Halus

1.00E+02

=~ DDF_before simulation e DDF_EHr
——— DDF_12Hr DDF_18Hr

aasS —— DDF_24Hr

1.00E+00

1.00E-01

1.00E-02

Dielectric dissipation factor
=
L]
m
o
(3]

1.00E-04
1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01  1.00E+00 - 1.00E+01 1.00E+02

Frequency (Hz)

JUN 4.52 nymluammsiSeudfisuauninesanugadsladidnasntoliunsdeundsinass
Ao milleninauTeuignml 140°C Wunan 6, 12, 18 way 24 Falue fudy

AFEUNDUTIADIANUEONAN NUDITUNAADUTUN 1
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4.8.5 msFsuiiisuunnineiaugydsladianainvesiunasauiiniunisinans
nsieudnwmsaudouiigamgll 140 ssawaldua Wuloan 6, 12, 18 uas 24 Falus
vostunaaaudud 2

Wieuiflsuaunnine snnugyideladidnainvestunpasueutasniesiasaanu

denanwillesnnanuieuiigamal 140°C {Tuan 6, 12, 18 uay 24 Falus

1.00E+01 ,
= DDF_before simulation w—— DDF_BHr
e DDF_12Hr DDF_18Hr
1.00E+00 ——==DDE_24Hr

1.00E-01

1.00E-02

1.00E-03

1.00E-04

Dielectric dissipation factor

1.00E-05
1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00e-01 =~ 1,00E+00 1.00E+01 = 1.00E+02

Frequency (Hz)

U 4.53 nimluanensilSeuiisumunninesanugaideladidneainvesunade undsdiaes
Anudendn wiiesinmnuioufignngll 140°C {Wuan 6, 12, 18 uaz 24 Falu vy

NAADUNDUINRDIALFONAN NV ITUNAFOUTUN 2
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4.8.6 nMswisuiisuunninesnnugudsladiinainvastunaseuiiiiunisiians
m‘stﬁauamwmqﬁaw"a"auﬁqmmﬁ 140 aeAnwaidea Wutian 6, 12, 18 uaz 24 9219
vasiunasauduil 3

Wisuidiguaunninesaugydeladidnainvesiunaaeuneunasvdiiassnan

dovanmwiesinanuioudigumall 140°C Wuan 6, 12, 18 uaz 24 Falus

1.00E+03

——DDF_before simulation —— DDF_BHr
1.00E+02 ———DDF_12Hr DDF_18Hr
— DDF_24Hr

1.00E+01

1.00E+00

1.00E-01

1.00E-02

Dielectric dissipation factor

1.00E-03

1.00E-04
1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01  1.00E+02

Frequency (Hz)

JU# 4.54 nsmiuansmsilSeuifisudunninesauendeladidnninvesunnas undsiians

u

AnudeNan wilesinmuToufionvgl 140°C Wuan 6, 12, 18 way 24 Falus AMuTu

NAADUNDUTIADIAIUEOUAN TN BITUNAFDUTUT 3
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4.8.7 MsFeuiiisuunniaesaanugadeladidneinvastunasouiiiiunissians
nsideuanIwnsadufouiiguvgil 180 ssrneaides Wuiaen 6, 12, 18 uag 24 Halus
vastunadautiuil 1

Wibuifisuaunnine sanugadsladidnainvestunadeunouuszndsiiassniiu
dovanmidesinmnusoudigumgd 180°C Wuiia 6, 12, 18 uax 24 Falus

1.00E+02 . :
—— DDF_bhefore simulation o DDF_6Hr

e DDF_12Hr DDF_18Hr
1.00E+01 ———DDF_24Hr

5 1.00E+00

1.00E-01

1.00E-02

1.00E-03

1.00E-04

Dielectric dissipation facto

1.00E-05

1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02
Frequency (Hz)

JUN 4.55 nsmluansmsidSeuifisuruwinimesnnugydeladidnainvesiunsdoundsinas

u

Asdevan wilesinauseufignugll 180°C Wuwaan 6, 12, 18 way 24 Falus Mudy

YAFIUNDUTIBIANUFDUFN TNV DITUNAADUTUN 1



122

4.8.8 m3tFsuifisuurininetainugidsladidnainvestuneaauiiiunissians
nsideusnmnInaufaufiguugfi 180 asrwaldea 1Wulaan 6, 12, 18 uas 24 Falus
vostunaRaUTui 2

Wisuiinusunnimesnugydsladidnainvestunnasueunasnisiiasa iy

dovanmillosinanuiouiigaumall 180°C {Wunian 6, 12, 18 way 24 Falus

1.00E+02

= DDF_before simulation = DDF_6Hr
= DDF_12Hr DDF_18Hr
= DDF_24Hr

1.00E+01

y 1.00E+00

or

1.00E-01

1.00E-02

1.00E-03

Dielectric dissipation fact

1.00E-04

1.00E-05
1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01  1.00E+02

Frequency (Hz)

JUN 4.56 nswansnsidSeudieuaunnmesaugydeladdnasnvosiunaaeunddnass
Amudenaamilasinmnieuiigumgd 180°C e 6, 12, 18 uaw 24 Halus Audu

NAADUNDUIIADIANUHDUAN TNV DI UNAADUTUT 2
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4.8.9 MsFsuiiisuunninesanugidsladiinsinvasiuneaauiiiiunissiaos
nMadeusnwmenudeuiiguugi 180 ssreaded uaan 6, 12, 18 uag 24 alug
vasBunAFUTu 3

LU%EJUL“T]EJUP]IWLLwﬂLfﬁla%ﬂﬁﬂmq{ytﬁﬂlﬂ5L§ﬂﬂ%ﬂ%@d%ﬂ%maawfiE]MLﬁ%Wﬁ'ﬂﬁ’ma\‘iﬁ’J’m

dovanmwilesnnanuieungumgd 180°C unian 6, 12, 18 uar 24 Halua

1.00E+02

= DDF_before simulation —— DDF_6Hr
e DDF_12Hr DDF_18Hr
= DDF_24Hr

1.00E+01

1.00E+00

1.00E-01

1.00E-02

ipation factor

1.00E-03

1.00E-04

Dielectric diss

1.00E-05
1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01 - +1.00E+00 1.00E+01  1.00E+02

Frequency (Hz)

JUM 4.57 nrvnansmaiUieuieumuvinmesaugadeladidnminveslunaaeundsiians

G

Anudendn wlosanauouiigamgl 180°C Wutie 6, 12, 18 way 24 Falus My

PNAADUNOUIIADIAILEBUANINVDITUNAABUTUN 3
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4.8.10 maiFsuifisuuiniaesanugydelediSnsinvetunaaeuiiiiunmsiians
nsieuaniwnsaudeuiigamgil 220 ssaeaidea Wuaan 6, 12, 18 waz 24 Falus
vasdunAFaUduT 1

WisuiflsuAurinimesniugydeladidnainvesfunaaouieutazndsassnin

douanmidesnnanufouiigamall 220°C WWunan 6, 12, 18 way 24 Falug

1.00E+02
—— DDF_before simulation = DDF_6Hr

= DDF_12Hr DDF_18Hr
= DDF_24Hr

1.00E+01

1.00E+00

1.00E-01

1.00E-02

1.00E-03

Dielectric dissipation factor

1.00E-04
1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01 - 1.00E+00 1.00E+01  1.00E+02

Frequency (Hz)

JUN 4.58 nsluamsmsidsuiieumunninesaugeduladidneinvesiunagoundsiians
ANudeNdn wilasanmINToufioumgll 220°C Wuan 6, 12, 18 uaz 24 Flue Audy

PNAFRUNBUTIADINUEDUEANINVDITUNAFDUTUN 1
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4.8.11 MaFeuifisuurininasannugyidelediinasnvestunaseuiiiiumssiass
nsieuan1wnendusouiigumgll 220 ssrwaldea 1uaan 6, 12, 18 uaz 24 4alug
vastuvagoutui 2

Wisuifisudunninesmwgdsladidnadnvesiunnaeuouuazmdssiaesniny

dovanwillesnnanuioufigamgil 220°C 1Wuan 6, 12, 18 uay 24 Falus

1.00E+02

~—— DDF_before simulation — DDF_BHr
= DDF_12Hr DDF_18Hr

1.00E+01 —_— DDF_24Hr
o
-+
& 1.00E+00
[ ¥
c
ke
® 1.00E-01
a
‘@
R)
=
Y 1.00E-02
=
&)
2
q') 2
a 1.00E-03

1.00E-04

1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01 ~ 1.00E+00 100E+01  1.00E+02
Frequency (Hz)

JUM 4.59 nevuanamsidSauiisunurnmesaugyduleddnadnuosiunedoundinass
Anudenanwdenmwioufigamnll 220°C \Wuan 6, 12, 18 uar 24 Falus AUy

VAEDUNDUIIRIATUFONAN TNV DITUNAAOUTUT 2
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4.8.12 mswSeuiisuunninesaanugaidsladidnainvastunagauiiiiumssiass
nsideusaiwmsnudouiigumgl 220 asrneades Wuan 6, 12, 18 uas 24 Falus
vosRunaRaUTLT 3

Wisuifluswsininesaugnydeledidnadnvesiunaaeunounarndesiassniy

denanmifiesnnanuieuiigamall 220°C Wunan 6, 12, 18 waz 24 2l

1.00E+03

= DDF_before simulation — DDF_GHr
= DDF_12Hr DDF_18Hr
= DDF_24Hr

1.00E+02

1.00E+01

ion factor

1.00E+00

1.00E-01

1.00E-02

Dielectric dissipat

1.00E-03

1.00E-04
1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01 - 1.00E+00 1.00E+01  1.00E+02

Frequency (Hz)

JUT 4.60 nymluansmsisuiisuAunninesanugdeledidnsinuesluedeunasinass
rnudenanimiesainmusoufigumgd 220°C Wuan 6, 12, 18 wag 24 Falus AUty

NAADUNDUIIABIANIUEDNAN VBT UNAEDUTUT 3
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4.9 M3nsEREnTIEIuAIAAUYSEY (C ratio) vasdunadaULDLADS
vmsiWieuifisumdnsdiumanufiuuszguestunadeunouuasndssiasiniy
LﬁamamwLﬁmmﬂmm%fauﬁqmmﬁ 100, 140, 180 waz 220 Wunan 6, 12, 18 way 24 Flus
TesuariunnAey
4.9.1 maFsuifisudrdamdausanuiulssguasiunadeufiinunisiiassa g
\Feuanwynsadufeufignugfi 100 asrneaidea lWuiaan 6, 12, 18 uay 24 Falus vas
Funnsoutuil 1
Wuiumdnndumanuifivlszquesiunadeuteunasudssiansnaundovanin

anwillesnnanuieudigamall 100°C {Wwaan 6, 12, 18 uay 24 Falus

3.0E+00
C ratio_before simulation — C ratio_6Hr
— C ratio_12Hr Cratio_18Hr
C ratio_24Hr

C ratio

1 £
1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02

Frequency (Hz)

JUT 4.61 nymlanansidTeudfieumdnnduaiauiuUszue Wunadound s anny
denanmidlesnnausoudigamall 100°C Junan 6, 12, 18 uay 24 Falus fufunedou

ABUIADIANULFIUANINVDITUNAFDUTUN 1
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4.9.2 MmaTeuiiisudardnsdudranuiulseguestunadaudiiiunisinassany

WoudanmnisauTaunguugll 100 asaneaides lWulian 6, 12, 18 uag 24 43l Vel

i v ]
JunadauIun 2
WisuiWleuadnsdiumanuiulszquestunaaeunoutasrdsdiaasmuidoudnin

anwillesnanuieudigamni 100°C 1Wuan 6, 12, 18 uay 24 2l

3.0E+00
— C ratio_before simulation e~ C ratio_6Hr

Cratio_12Hr Cratio_18Hr
C ratio_24Hr

e,

]

=

o

1
1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01

Frequency (Hz)

1.00E+00 1.00E+01 '1.00E+02

U 4.62 nyvluanamsiUSguiigumdnsaiuaauiNul sE9uesuvnaaunasinasn
denanmitlesainanuioufigasigl 100°C Junan 6, 12, 18 uar 24 Falus fufuveaou
foudIaeIMIUEONAN MUBITUNAAOUTWT 2
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4.9.3 mawFeudisudidandiudianuivuszguestunaseuiiitumssiassa
\deuanwnsaaudouiiguvnd 100 ssengaidea Wuiaan 6, 12, 18 uax 24 Falus vas
Jumasoutud 3

LU%UULﬁaUﬁhé’mwmummmLﬁwix@maﬁﬁuwmaaudauuawé’qé”lammmLﬁ"auamw

anilesnnanuioufiguvgil 100°C WWua1 6, 12, 18 waw 24 Hlug

3.0E+00

C ratio_before simulation — C ratio_6Hr
Cratio_12Hr Cratio_18Hr
Cratio_24Hr

.0

=

42

(&)

-
1.00E-05 1.00E-04 ~ 1.00E-03

Frequency (Hz)

1.00E-02  1.00E-01 1.00E+00; (1.00E+01 _1.00E+02

JU# 4.63 nymluanansiUSeuiisumdndaumanuivysegueiuvngeunasinasny
denanmitlesninauioufigamall 100°C Wuhan 6, 12, 18 uax 24 alus MTunadeu
NOUTIRBIALLTNANTNVBITUNAARUTUT 3
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4.9.4 MmaFeuifisuddnsdludianuivlszguastunesauiiiiunssiansaana
\douanmmenuouiigumgil 140 ssrwaides 1uiaan 6, 12, 18 uag 24 Falus ves
Funaoutud 1

\WBeudeuisandumemuifiuuszguedunadounounasmdsiassmudenanin

anwillesainanudeuiigamall 140°C Wuvian 6, 12, 18 wax 24 Falug

3.0E+00

= ( ratio_before simulation ———C ratio_6Hr
Cratio_12Hr C ratio_18Hr

— C ratio_24Hr

Re)

+—

&

]

1.00E-05 ~1.00E-04 1.00E-03 1.00E-02 1.00E-O01 = 1.00E+00 1.00E+01  1.00E+02

Frequency (Hz)

JUT 4.64 nsviuansnsilieuifisuadnsidiummuiuUseguesiunadeundsinasniu
idenanmilesnnawieuiigamgi 140°C Wil 6, 12, 18 way 24 Falus fuTumeaeou
NOUTIABIAUEBNEM N UNAFRUTUT 1



131

4.9.5 maUTeuifisuArdndiudnuivuszgue sWunagaufiniunisdnas sy
Weuanwnienuoungumall 140 ssrngaid@es Wutaan 6, 12, 18 uaz 24 97lus v89
& & 4
YunAUTUN 2

Wruilsumdnndiumanuinulssquestiuvadeunoutarndsinaonnudenanin

anmiflesinanueuiigumgll 140°C Junan 6, 12, 18 wax 24 Falus

3.0E+00
C ratio_before simulation —( ratio_BHr
Cratio_12Hr Cratio_18Hr
Cratio_24Hr

0

e

=

U

1
1.00E-05 1.00E-04 1.00E-03 1.00E-02

Frequency (Hz)

1.00E-01 1.00E+00 1.00E+01 1.00E+02

U7 4.65 nymuansnnlisuiiieumdnsduainnuiulssguesiunageunasinassniy
dovanwilesanausaufignmall 140°C \Wuan 6, 12, 18 wax 24 Falus MFunadeu
NeudIaeInULHONAN WNYRITUNAARUTUTN 2
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4.9.6 mawIsuiiisuArdnsdiuaanuiuysEgesunedauiiiiunissnaniaany
\WeuanmmeauToungumvgll 140 asrgaided 1utaan 6, 12, 18 uaz 24 92lus vas
. & o
FunasauIUN 3

Wisuigudadumanuiiulseuesdunndounsukasdidiantnudenan v

anwillesnnauieudigamall 140°C \Wuan 6, 12, 18 way 24 Falus

3.0E+00
Cratio_befare simulation — C ratio_6Hr

— C ratio_12Hr Cratio_18Hr

Cratio_24Hr

C ratio

1

1.00E-05 ~ 1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02

Frequency (Hz)

JU 4.66 nTvuanIMsilSeuiisuadnsndrumaruiulseyvelunadounasdasniny

u

idenanmidlesainauToufigumndl 140°C \Junan 6, 12, 18 uar 24 Falus MuBunedeou
NEUINABIAULADUANINYBITUNAFDUTUT 3
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4.9.7 maUTeuifisuAdnsdaudinnuiulszguesunadaudiiiumssias sy

\@audnmmsanuTaunigamall 180 asangaides uiian 6, 12, 18 waz 24 92l vos

v v '
FunadDUIUN 1
WisuiguAsandiumnuinulssgueslunadeunaukasrdiiiassmudondn v

anwillesiinanuioudigamall 180°C Wuvian 6, 12, 18 way 24 Falus

3.0E+00
C ratio_before simulation — C ratio_6Hr
Cratio_12Hr Cratio_18Hr

— C ratio_24Hr

e,

od

o

o

1
1.00E-05 1.00E-04 1.00E-03  1.00E-02
Frequency (Hz)

1.00E-01 1.00E+00 1.00E+01 1.00E+02

JU 4.67 nsmluananisiseuifisuAdnidiumnuiuusyyuestunndeuaisias s
denanwillesnnaudeuiigaumadl 180°C WHunan 6, 12, 18 way 24 F1lus MuTunadeu
neudIagIAIUHNAN NYBRUVAREUTUT 1
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4.9.8 mawSeuiiisudidnsdaudianuifivussgresiuneaaauiiiiunisinas s
Jouanmnsanufeuiigamgl 180 ssrneaided Wuien 6, 12, 18 uas 24 Falas vos
JunasouBui 2

WBeufeumdandrumanuifivusequestunndeuneunasmdshansnudouanm

anmidlesainanudeuiiouvgll 180°C unian 6, 12, 18 waz 24 Falug

3.0E+00
= ( ratio_before simulation

Cratio_6Hr

= C ratio_12Hr Cratio_18Hr

— C ratio_24Hr

1 - - ——
1.00E-05 1.00E-04  1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02

Frequency (Hz)

UM 4.68 nsmuanansiieuifisumdnsaiumnuiuUsyguesiunadaundsiiaosay
dewanmilasnnanuiouiigamad 180°C Wunan 6, 12, 18 wax 24 Falus ATuneasy

NOUIIADIMNUHOUANNYBITUN AdDUTUN 2
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4.9.9 MaUTsuiisuA1nTdUAIA MUNUUTEUBsTUNAdaURiIuNSINaDIAY
\doudntwniauieufiguugil 180 seagaides Wulian 6, 12, 18 uaz 24 4alus ¥4
¥ 2
FunesauIui 3

WRruigumsnsdiumnnuiulsequastiunadeunautasidsiianinudonann

anmillesnnanuieuiigumall 180°C uvian 6, 12, 18 uax 24 Halue

3.0E+00 . ‘ ‘
= C ratio_before simulation — ( ratio_6Hr
—C ratio_12Hr C ratio_18Hr
Cratio_24Hr
L2
=
E
)

i
1.00E-05 1.00E-04 1.00E-03 1.00€-02

Frequency (Hz)

1.00E-01 ~ 1.00E+00 1.00E+01 1.00E+02

JUT 4.69 nsluansmsilSeudfiumdnsidiudiniufiulszguastiunnaesundsiiassniy
denanwiesnnanuiounignmall 180°C Wual 6, 12, 18 uay 24 Falus MuBuvageu
feudanInIdoNaNTNYBITUNAFBUTUN 3
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4.9.10 mmﬁia‘uLﬁauﬁﬂﬁmﬁa"suﬁﬂmwLﬁ‘uﬂizqﬂaa%wﬂaauﬁmumiﬁﬂam

AUEBNENWNANUTIUNgUMAN 220 seAleaidad Wulian 6, 12, 18 uay 24 9l

VOIPUNAFTDUTUN 1
Wiguigumdnadiumnnuivuseueiunadeunoulazrdsiiassmudenann

aniileannauseufigamall 220°C Wunan 6, 12, 18 uay 24 Falas

3.0E+00
C ratio_before simulation —— C ratio_6Hr

= C ratio_12Hr C ratio_18Hr

C ratio_24Hr

C ratio

1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01
Freguency (Hz)

1.00E+00 1.00E+01 1.00E+02

JU 4.72 nluanamsilieuiisupdnindaummuiiuyseguesiuvndound s asn

denanwillesninauTeuiigaumgd 220°C Wunan 6, 12, 18 uaz 24 Falus fuliuvedey
fioud a8 IUABNANNYBRUNAFOUTUT 1
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4.9.11 mswSsuiiisuaAdnstdauaradnuivuszquastunagauiiiiunissians
Audendan MR udouiiguugli 220 asaneaides WWulaan 6, 12, 18 uas 24 Falua
YaIBUNATOUTUT 2

WBeusumdnndumanuifivussguesiunndeuneuuasvdeiasseudoudnn

anmilesnnanuisuiigamnd 220°C Wunan 6, 12, 18 uay 24 Falus

3.0E+00
— C ratio_before simulation — C ratio_6Hr
— C ratio_12Hr Cratio_18Hr

Cratio_24Hr

]

=

&

U

1 :
1.00E-05 1.00E-04 1.00E-03 ~1.00E-02  1.00E-01 1.00E+00 1.00E+01 1.00E+02
Frequency (Hz)

U 4.71 avmuaninsiuieuifieumsnsidaumanuinusyquestunadounasdnaoiny

U

douaniwidesananuiouiigamgll 220°C Wunan 6, 12, 18 uay 24 Falus MFunedou

ADUTIADIAULEI VAN TNV DITUNAGDUTUN 2
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v ]
4,9.12 n15tUs8ULNgUAN aﬁl'a'ﬂﬁ'TLIﬂ"Iﬂ'?'lSJLﬁ‘uUi%?ﬂﬂ\i‘ﬁﬂﬂﬂﬁGU‘VIB\ITIJﬂTiQ'IaEN

ANUEeNaNINIIANNToUTIgIngEl 220 ssAngalud Wulian 6, 12, 18 uaz 24 92lus

£ &
VOITUNAFDUTIUN 3
WSuisuAnsnndunnuiuUseediuveasunioukazndsiasimudendnn

anwilesnnanuieuiignmnll 220°C Wuan 6, 12, 18 uag 24 Falug

3.0E+00

C ratio_before simulation C ratio_6Hr
= C ratio_12Hr Cratio_18Hr

Cratio_24Hr

L

e

£

U

i Pm—

1.00E-01 1.00E+00 1.00E+01 1.00E+02

1.00E-05 1.00E-04  1.00E-03 1.00E-02
Frequency (Hz)
JUT 4.72 nsmuansmsifguiigumdnsdiunanuiiuUseguesunndeundsiiasinay
douanwillesainanmfeufigamad 220°C W 6, 12, 18 way 24 Falus Audunaaey
feudaesnudsNaN N VEUNAAEUTUR 3
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4.10 M33AT189iA1RTT997 (Polarization Index) YITUNAFDULIULUBLSLADS
WNSAIANGNARYILTT 1, 2, 3, 4 war 5 TneflArAnurainAdeu 30 Wesidud il
anvgileanainAeulasrasinassnnudenaninaunsdanenssd

1. Aeunayndsiaesmadenanimneauiouiigamad 100 ssrwaduadua 6,

12, 24 uay 36 $2lu9

=

2. nouuarwdidiaeInsidonan nninuseuiigumgi 130 ssmwalualuna 6,

U

12, 24 uag 36 $1lu9

=

3. feukandsiaaIsiionan wneanioufianmad 160 eswaduaduna 6,

Y

12, 24 4ay 36 a9
4 NOULAENAINAINITINBBINISIABUENINNIIAIINTY

5. NAUNATUAIUEINISIARINISIdeVaNWIdlesL N USDe oy

]
1 s

v o
4.10.1 ANAYTLTIUIVDIVUNAFDULIULLBLSLADSATANIINY 1
APUTITwiiY 1 Tnedlaianuaaiaedou 30 WesEus (Aausi@atiseming 0.7 o

1.3) Usenausig

Qe

=y =

1. #AINITIRINMSENAN TN 19PN LTUYDTUNPEDUT 1 ANGURITITITAT 1.20

Qe

a [ B

s o J l&} E.:J d‘ U o =
2 Wﬁﬁﬂ?ﬁ"ﬂ’lﬁa\‘lﬂﬁLﬁ’e]llﬂﬂ’]WW’]Qﬂ'J’]iJ‘U‘N“ZJ’eN‘U‘UWﬂﬁEJUV] 2 AMAYULTIYIUAT 1.27

e

3. MAINISIIADINSIADUANINIIANVTUVDITUNAFRUT 3 AAYTLTITITIAN 1.22

4.10.2 AAYTITIVIVITUNAGDULIULUBLSIARINTATINAY 2

o

Adilifstavinty 2 Tnefimauranninday 30 Wasidud @dsdidtasening 1.7 &
2.3) Usznoume

1. fleun1sdaesmsidenan mnsanuseuiigumgl 100 ssmisadva vestunadoud
1 Aduiiathiian 2.09

=

2. neumsiaesmsidenanmisanuieufigaumgll 100 ewnwalud vesdunaaoud

U

2 AeedideTadan 1.78
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4.10.3 FrdviliFsihvasdunadaulaulLBLsABSTRA YTy 3

Al 3 Tneflianuaainnda 30 Weddud @duiiaedasening 2.7 &
3.3) Usenaume

1. feumsSraeanadonaninmnuturestunedeud 2 Avdutidedadien 2.83

2. fleumsaesmsidenanmeanusoufignmad 100 esrieaidua vestunaaeuT
3 iduiiBethiien 2.89

=Y

3. vasnsdnassmsidenaninniadiuieudigumvgl 100 ssrwaled Wuan 6

Falaa vesunngaud 1 Avatidetndan 2.72

=

4. %aIN1591889MSI@BNAN N ANNTEUN MR 100 amiwaduad uian 6

Y
U9 VoW UNAEUN 3 ARUTLTITAN 3.13

=Y

5. vasnsiiassmsidienanmnieanuieuiianmal 100 semiwaidud 1uian 12

U
Falaa vesunngeud 1 Avetidatndan 2.72

=

6. waen1sinasInsidenan wnisnuieuiigungd 100 ssradoa [Wunan 12

Fl39 vesFunegaun 3 Awatdetnn 2.71

=

7. WaIN15IIARINSIdeNEN NN 9AINTuTanug T 130 esawaided 1ulan 36

Y

Tl vesdunngaudl 3 Avaiiidetadan 3.25

=]

8. nasn1sdIaeINsidenan nyniauseuiiguuall 160 ssmiwadeud 1Junan 6

P9 vRsTUNeEeUN 2 AsTtigetnian 3.05

=Y

9. nasnsavsnsidendaninnennuieunauvall 160 asansaided Wunal 6

F1la9 Ve unaaeudl 3 Amnetignda 2.81

=

10. Wﬁﬂﬂ’]iﬁ’]ﬁ@&ﬂ’?iLﬁﬂﬂﬂﬂ?WﬂNﬂ’]Wﬂ%@ﬂﬁQﬂJﬁﬂh 160 semwalded Wuan 12

U

Flue VeTUNAEeUN 3 AUTIBNNAT 3.15

o

11. waensiassmsidevaninmenuseuiigumgll 160 asrwaded WJuan 36

Y

Flus veTunedeUn 2 Adulideadailan 3.23

4.10.4 Adviid st vastunnsUIIUILBLSR T TAYINAY 4

Advilidedariniy 4 Tnemeuaaaindou 30 Wedidud (@didedaseuing 3.7 f
4.3) Usenaumig

1. feumssassmsidevanimmeaudoufionmall 130 sswnwaia vestunnaeud

2 ARTBaTaEdan 4.03
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=

2. naensinaesmsifenaninniennuouiigungl 100 ssrnwaidoa 1uan 36

Tl vesunaaeufl 3 AruiliBedniian 3.83
3. wasn1sinaeansidenaninniennuiaufioungll 130 ssriwadea 1Wuian 12
$lue vounegaud 1 Adilidatnila 4.23

=

4. ndansdnassmsidenan mniiauieurigumgd 130 ssrnwaided uan 12

Flad vasBunedaud 3 Arduiidetndan 4.16
5. waen1sdnaesmsidevaninnisanuieuiigamgll 130 ssrneaded 1Wunan 24
a9 vosFuUnedaUR 1 Adulivetailan 3.75

=Y

6. ¥AINSIIADINTHBNANINNANNTBUNRUUATN 130 ssriwaidea 1Dulian 24

Y

Y9 VoW UNREIUN 2 AGUTILTTTAT 3.99

=

7. wdsnsdaesmsidenanimniannudouiigumgl 160 esrwaidea Wue 6
Flus vesiunnaoudt 1 AsuiiBedadien 3.73

8. wdsn1sdansnIsidendnmmnennuioufigumgdl 160 ssmeadoa [luinan 24
Falus vesiunedeud 1 Aduiidsiaian 3.82

=

9, nansdasemsidenanmynemnuieufigunni 160 eseieaidea Wuinan 24
Filus vesunaaeud 2 aduiidstatian 3.98

10. wdans$masnsidenaniwisaiuieufigamgi 160 ssmieaidea Wuan 24
Falus vostunnaoudi 3 msuiideiadian 3.75

1§ ) wé’amsﬁﬂaaqmilﬁamamwmamm%auﬁqmmﬁ 160 amwaidyd 1Junal 36
Falus vesiunnaoudt 1 adudlideingen 3.97

12. wdans§rassnisidonanimmisanySaufigumgil 160 senieaidoa Wunan 36
Fla vestunaaeul 3 msuiiBsiniia 3.95

4.10.5 AduiidetavoBunadautauiusisnesasidwiniy 5

Aduiidetavinfu 5 Tnefmanunanmndey 30 Wesidus (duilidadasening 4.7 &
5.3) Usenaume

1. wian1s$raesnsidenaninmeanudeuiigumgd 130 esrngaidea iJuiian 12
Fala vosiunedeudl 2 auliBeiaiian 4.76

=

2. wasmsitaesnsidenaninniemuTouiiguugll 130 sergadea [Wuan 24

U

Falus vesTunadsun 3 ARvNEaTAY 5.09
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& 17
4.11 NM5AATISNANUTLTU2 (Polarization Index) V99TUNAEaULDLADS

]

nsdanauAaeiletn 1, 2, 3, 4 waz 5 lasliaaunaiandeu 30 Wesidus Al
amgilawnnnfeuagnddiaesnudeNaNINA NN SRR Al
1. Nounagnasinassmsiesannnieauioufigmg 100 ssrnwadeaduiial 6,

12, 18 uae 24 Fla

=

2. NouUALMAIINaRINTSIdeNan wIALSouT gl 140 ssmwaduaduia 6,

U

12, 18 uay 24 $7la

3. NoUNALMINIIaRIN TN MM INAILTBUTIgMAR 180 semwaldiuaidunian 6,

12, 18 uaz 24 Flas

=

4. NounaynasinaeINsidenaninneauieuiiongll 220 ssrnwaduaiduna 6,

U

12, 18 uay 24 Fl

e Y & =l

4.11.1 ARYTLTIVIVDITUNAEDUN DM DSALAIYIIAY 1

-y

ARYETIIiY 1 lnefidinnuaaiandau 30 Wesidus (Aiaviidatisening 0.7 B9

1.3) Usznausmy

-

1. wasn1sdnaeInsidenanInnInIusoufiaungil 100 ssrnwaided Wuan 12

il vewunedeuit 2 Ao ilistngian 1.27
2. vasmsiraesnsillevan mnisauieuiigamgll 100 aseneadud tJuiaan 12

Frlus ve R unadaui 3 MeUtBnEAT 1.06

=

3. vasnNsdiaenIsideNan WA NTouTam)dl 140 serwaidua 1uan 12

Y

Pl VoTUNAERUN 1 AGwTTI T 1.14

=

4. vasnsinaesnsidenanimnisanuiaufiaumgd 140 aseiwaidoa [Wuan 18

Y

Filaus veunaaaui 1 Amdutidenial 1.23

=

5. wasnsinassmsidenaniwnisauseufisamad 140 esrwadva 1uan 18

U
o

T34 VT UNAADUN 3 ARTTITEATAT 1.16

=

6. naIN1591mpINsideNan wNeALTa Ul 140 sernwaidea 1uan 24

U

Flae vastunadaud 1 Awaiidania 1.10

=

7. waemsiassmsillonanimnisanuiouiiguugll 180 ssrwadua 1uiian 18

U

Tl VRUNAAIUN 3 AdUTIRNTAT 1.25
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=

8. uaansinassnsillenan wneauieuiigumwgll 220 ssrnwaided uian 12

Pl vasdunnaaui 2 Adetidetngdal 1.08

a

9. wasNsTNaBINTIieNaN N INANLTaufionmad 220 serieaidua 1ulaan 12

U

L9 VOWWUNRADUT 3 ANPYRLTITITIAT 1.20

=

10. vasn1531aeensidenanImninusaufigumall 220 esrnwaidua 1Wunan 18

il vouneaaudl 1 Adailidetailm 1.09
11. wasnnsdiaeInisidonanmnisaueuiguvgi 220 asmwaidea WJunan 24

119 vaunedaud 1 APUNGITITAT 1.10

=y

12. vasnsiaesmsidendninnisaiuieuiigamd 220 ssriwaidoa Wunan 24

U

139 VUNAaUN 2 AmdvtiBenilan 1.07

=

13. nadinsiaesnsidendn nviennusounaumal 220 asrwaded WHunan 24

U

T34 VeIt UNaaeUR 3 ARTTINAT 0.96

falat 1 4w

4.11.2 AAYULTIUIVDNTUNAF UL LA DSTNRAYINAY 2
AATTNTYIAY 2 Tnedmanurainndau 30 Westiud (Aautidedasening 1.7 9

2.3) Usenaunie

=

1. feuMsVIaesnsideuanImneANuTeufignmgll 100 s wadud vostiuvaaeu

1 ARl 1.71

=

2. neumsitassnsidendn nmannuseuiigumgil 100 awwalded vestuneaaud
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NAgEOU 3 %ymutﬁamamwﬁqmmﬁ 160°C (Julaan 6, 12, 24 waz 36 TAluamuasy wuin
nszualnanlsdiedunasinanlsdieduludicSuduvestunaaauneusansnydouan nia
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nszuailnanlsfistuvastunadeunousiassuidenanin uardiAanamiunafildluniseu
TneAsilidethudinissaosmudonanmisniududeoufunat 6 $ilusuwasduuliy

anasmLIa1RlglunseuiuTu



150

» nsdiunaseudevdanmidesmnanudou Tumsirassmuderaniwlaenisausy
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Caution

The PDC-ANALYSER-1MOD contains an externally accessible high voltage source
producing up to 2 kV and up to SmA (internal current limit).

The instrument must be operated only by skilled persons.

The operators are responsible for protecting the test site against the hazards related to high
voltages. All the elements of a test setup, which are connected to this high voltage source or
which could be set under voltage by any insulation breakdown, must be protected against
being contacted by the operator or by any other person as long as the mains power is supplied
to the instrument.

Also, the PDC-ANALYSER-1MOD must be stored and operated in a mechanically secured
position and all the cables connected to it must be protected against making anyone fall over
them or accidentally pull on them.
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Figure 1: The connections of the PDC-ANALYSER-1MOD.

1 Hardware
Please connect the keyboard to jack "4" before turning on the PDC-ANALYSER-1MOD.
Use switch "3" to turn on the instrument.

The high voltage cable, which has a SHV plug, is connected to jack "1" and the current sensing
cable with the BNC plug is connected to the jack "2" labelled "current measurement".

Plug "S" is for connecting the optional PDC-Phantom-1000XE voltage source, see separate
instruction sheet.

For an accurate measurement, a warm-up time period of 60 min is recommended.

2 Measuring program

To perform a measurement with the PDC-ANALYSER-1MOD, start "PDC Measurement" by
double clicking on this icons on the desktop of the instrument.

On the first window after invoking the program, the measuring parameters can be set:
- The name of directory, where the generated files will be saved.

- The name prefix for generated files (see Appendix A).

- The temperature value (important for the evaluation).

- The test voltage.

- The duration of an initial delay period before the measurement.

- The duration of the polarisation.

- The duration of the depolarisation.

- The description of the test object (only for information).

Copyright © ALFF Enginesring/ Switzerland
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After the desired measuring parameters have been set, the measurement can be started by clicking
"start measurements".

A new display appears and the instrument is internally initialised (this takes about seven seconds).

Then the first delay duration is counted down and the current from the current sensing cable is
displayed. The measurement can be aborted anytime by pressing ALT-F4. The delay duration can
be prematurely cancelled by pressing "jump to measurements".

Caution: As soon as the delay duration has been counted down or brought to end by pressing "jump
to measurements", the high voltage source is turned on.

Now the polarisation takes place and the polarisation duration is counted down. During this period,
the high voltage is indicated with four red lamps around the high voltage SHV jack "1". The
polarisation period can be automatically jumped over by setting the polarisation duration to zero on
the setup screen. The measurement program can be aborted anytime by pressing ALT-F4. If the
accumulated data should be stored, click on "save and terminate" to terminate the program.

After the polarisation duration has been counted down, the high voltage source is set to exactly zero
volts and the depolarisation duration is started. Still, the measurement program can be aborted
anytime by pressing ALT-F4, but all the data will be lost. If the accumulated data should be stored,
click on "save and terminate".

3 Evaluation program

The measured polarisation and depolarisation currents can be evaluated with the PDC-Evaluation
program. The basic version of this program permits the determination of the resistance, polarisation
index (PI), recovery voltage and derived polarisation spectrum in the time domain and the complex
capacitance C=C'(o)-jC"(n) and the derived tand(w) in the frequency domain. For more
information, see the User's Guide of PDC-Evaluation program.

4 Performing a measurement

To perform an accurate measurement, it is important to connect the test object to be investigated as
long as possible to PDC-ANALYSER-1MOD before starting the measurement, because both the
high voltage supply and the current sense input are normally short circuited to ground. Thus, the
capacitances of the test object are well discharged.

Now, a 3-phase power transformer is taken as an example of a test object.

The transformer must be connected to the PDC-ANALYSER-1MOD as a capacitor (see figure 2).
To obtain such an arrangement, all the high voltage bushings could be connected together, the high
voltage windings behave as a first electrode of the capacitor under investigation. The second
electrode of the capacitor is formed by connecting all the "low" voltage bushings together. The
relaxation currents are sensed from the low voltage windings to ground. During the measurement
the tank of transformer must be grounded (see figure 3).

Copyright © ALFF Ernginesring/ Switzerland
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Figure 2: How to connect a power transformer as capacitor for the dielectric investigation of the

main insulation.
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Figure 3: Connection of a power transformer to PDC-ANALYSER-1MOD.
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For an accurate measurement, it is necessary to determine the initial condition of the test object
before any application of excitation voltage.

The initial condition (or charging state) of a test object can be determined by monitoring the initial
current which flows through it. For visualisation of this current, it is sufficient to start a current
measurement with a polarisation duration of zero seconds. It is important, that the initial current is
low and at least in a steady state. In case of a high, but constant amplitude of initial current, this
current can be considered as an "offset" for the evaluation: it can be subtracted from the
measurements.

Before starting the main measurement, it is recommended to carry out control measurements with a
short charging duration e.g. 5 seconds to control the whole setup. Verify the amplitudes of
measured currents and the value of the capacitance. Such a short control measurement will not
affect the main measurement, because the relaxation currents induced by a short charging duration
can be neglected after a few minutes of waiting time.

The main measurement can be performed after the control measurement by choosing adequate
values for the charging voltage amplitude and for the duration of polarisation and depolarisation.

For new power transformers, a charging voltage amplitude of up to 500 V is recommended. Used
transformers are less sensitive to the non-linear effects due to their high conductivity of oil. So, for
used transformers the excitation voltage can be increased up to 1'000 V. In general, a polarisation
duration of 5'000 to 7'000 seconds is sufficient to assess the insulation quality of a power
transformer, the same duration is also recommended for the depolarisation duration.

In general, it is important to avoid non-linear effects by keeping the amplitude of the applied
excitation voltages as low as possible. It is also recommended to keep the discharge periods
between the successive dc voltage applications long enough to avoid any superposition of dielectric
responses.

Copyright © ALFF Enginesring/ Switzerland
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Electrical Insulation Diagnostic System PDC-ANALYSER-1MOD

Current measurement
range

resolution (current display when measuring)

resolution (recorded data)
accuracy

impedance

protection

noise suppression

filtering (current display when measuring)

filtering (recorded data)

Voltage source
voltage range when switched on

maximum current sourcing when switched on

impedance when switched on

impedance when switched to zero
current limiting when switching cap. loads

Capacitance measurement

+1 mA

1 pA

0.1 pA

0.5 % of the measured value +1 pA after 1 hour warming up

10 kQ2

up to 100 mA respectively 1kV for 50ms

up to 10 pA eff at 50 / 60 Hz mains frequency

mean value in 1 s intervals

mean value in intervals increasing proportionally with the time from
the voltage source switching moment

+30 ... +2000 V

<+5 mA

<20 kQ

<02Q

<4100 mA for 20 ms

the load capacitance is indirectly measured by computing the ratio charge to voltage when the voltage source is switched off for
measuring of the depolarisation current. However the current measurement is not impaired by a load capacitance depassing the range

listed below.

accuracy
maximum load capacitance

Computer

display

processor

memory

hard disk

standard interfaces

options

Software

operating system

measuring and control program

standard evaluation software

advanced evaluation software

Miscellaneous
weight

power supply

size

temperature (use)
temperature (stock)
pressure

humidity
acceleration

length of standard measurement cables

Copyright © ALFF Enginesring/ Switzerland

source voltage
2 kV 1 kV 500V 100 V
2% +SpF | 2% +10pF | 2% +20pF | +2 % +100 pF
2omR 50 nF 100 nF 500 nF

158" TFT, 262’144 colours, resolution 1024 x 786 pixels

Intel Pentium Il 1 GHz

SDRAM 256 MB

40 GB

DVD+/-RW, 3% Floppy, 2 x PCMCIA, parallel and serial ports, Ethernet
additional serial ports, Audio in/out, external monitor out

windows XP home SP2

installed ready to use, outputs for each measurement one file with
polarisation data, one file with depolarisation data and one file with
general measurement descriptions

installed ready to use, easy to use, extensive possibilities to
postprocess, to display, to print and to export the measured data,
computation of the complex capacitance in function of frequency,
computation of a lumped equivalent circuit of the measured
insulation, computation of recovery voltages and the derived
"polarisation spectrum”, computation of polarisation indexes and of
insulation resistances according to all known standards and
definitions

quality assessment of oil-paper insulation systems, quantitative
determination of moisture content in pressboard and of oil conductivity
for power transformers

17.3 kg

90...260 V, 47 ... 63 Hz, <160 VA

514 x 185 x 428 (width x depth x height in mm)
0..385°C

-10..50°C

70...106 kPa

5 ... 80 % non condensing

<2g

15m
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Appendix A
The PDC-ANALYSER-1MOD generates 3 files for each measurement.
These files are stored in the directory as entered during setup.

The polarisation current data are registered in a *p.dat file. The depolarisation current data are
registered in a *d.dat file. Information about the measurement are registered in a *c.txt file.

The name of each generated file is composed of 3 different parts.
Example: The name of a file could be testal4p.dat
testa: is a name prefix, which identifies a measurement series.

14:  is a number between 01 to 99, which identifies a single measurement in a measurement
series with a given name prefix (in this example, testa). This number increments
automatically for each further measurement performed in this series.

p: indicates the type of the file, in this example, polarisation current data file.

Copyright © ALFF Enginesring / Switzerland
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Abstract— Polarization and depolarization current (PDC)
measurement was used in this research to investigate the
insulation integrity of stator bars. This method is non-
destructive testing. This paper presents the PDC analysis of
thermally stressed stator bars divided into two main groups.
The first group was heated at 100 °C and the second group was
heated at 130 °C for 36 hours. After 12, 24 and 36 hours of
heating process, PDC measurement of each test specimen was
performed. PDC test results including capacitance ratio and
dielectric dissipation factor were analyzed and reported.

Keywords—polarization  index, polarization  and
depolarization current, stator winding, thermally stressed
stator bars, capacitance ratio, dielectric dissipation factor

I. INTRODUCTION

In the industrial, reliability of a rotating machine is
essential. Motors need to be inspected regularly, and other
maintenance activities need to be performed to ensure
efficient operation. Whenever a problem occurs, it should be
corrected immediately to avoid further loss.

The most common cause of rotating machine failure is
failure in the winding insulation. The main factor related to
the degradation of the winding insulation is thermal stress.
The thermal stress can be caused by inadequate power
source capacity, bad cooling system, a high temperature
operating environment, or an excessive current. High
temperature causes a chemical reaction that makes winding
insulation material brittle. The fluctuation of the working
temperature stresses on ground wall insulation due to the
different thermal expansion of copper wire and insulation
material [1].

Nowadays, there are many methods to investigate the
insulation. One of the most common diagnostic methods is
the polarization index (PI). It has been regarded as a useful
tool in evaluating the rotating machine windings. The PI is a
ratio of the insulation resistance measured at ten minutes
after applied the test voltage to the insulation resistance
measured at one minute by which the testing detail is in
IEEE Standard No. 43- 2000 [2]. However, PI can only
detect problems caused by conduction mechanisms
(conductive contaminants, and moisture) but not problems
caused by polarization mechanisms such as thermal aging,
chemical reaction, and partial discharge [3].

The polarization and depolarization current (PDC)
method, which is a non-destructive method, is used to
investigate the stator bar insulation in this paper. The PDC
method will measure the charging current and discharging
current. This method may be able to identify problems
caused by polarization and conduction mechanisms. Besides,
the insulation resistance, polarization index, capacitance ratio
(C ratio), and dielectric dissipation factor (tand) were
calculated to diagnose the characteristic of stator bar
insulation.

II. POLARIZATION AND DEPOLARIZATION CURRENT

The voltage of the unit step voltage is zero before
charging. The input DC voltage is applied as fast as possible
to test specimen for charging time tc (0 < t < t¢) and
polarization current (i) occurs at the same time. Then, after
charging time the test specimen is short-circuited and
depolarization current is measured. The function of unit step
voltage (U(1)) is expressed as follow [3-8]:

0 0<t
Ut)y=U, 0<t<t, (1)
0 £ =<t

The model of dielectric material can be represented by
parallel RiC; elements [9-11] in Fig. 1. The R; elements
represent the energy dissipated element and the C; elements
represent the energy storage element. These R;C; elements
are calculated by curve fitting the discharging current.

R
== B : B R,
C, C, Cy
Fig. 1. Equivalent circuit of a linear dielectric model.

When applied input DC voltage to test specimen, the
polarization current (ipo) 1s built up. The polarization current
in (2) consists of two terms, current (Uy/Ry component)
caused by conduction phenomena (including surface leakage
and bulk conductivity), and the absorption current caused by
polarization phenomena. The polarization current is given by
the following equation.

166



Current [A]
A
Up
\ Charging Process

s,

i
: ;
= + Time
£ 2 T, 1 e i[5
: Le=" I Depolarization (1}
I"
-
/
1 Discharging Process
Fig. 2. Polarization and depolarization current.
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- _ 2D 0 RC
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0 =l ;
Where Ry is the resistance related to conduction current
and the Cy is geometric capacitance of test object.

When disconnecting the step voltage source, the test
specimen is short-circuited and depolarization or discharge
current  (igepot) 1S measured, The depolarization current
consists of only absorption current. The depolarization
current can be defined as

t-to
"'

. L W@ (L =
epor (1) = Z(U—R‘(l}] RC

i=1 i

(3)

The complex capacitance and dielectric dissipation factor
are described in [10]. The real capacitance C’and imaginary
capacitance C” part of the complex capacitance are given as

’ 2 C"i
¢ ((t)) = CU +Z|m(j—)z (4)

o
4 wR,C*

C"w)= 1 —. (5)
oR, T+ (wR,C, )
Capacitance ratio can be written as
C'(w
ratio = ~ ) ¥ (6)
(’U

Finally, the dielectric dissipation factor (tand) can be
written as
_ C"(w)

tan (J) = @ (7

III. EXPERIMENTAL DETAILS

The polarization and depolarization current testing was
performed for studying thermally stressed stator bar by using
PDC-Analyzer-1IMOD.

A. Test object

The stator bars were obtained froma 13.8 kV, 96.6 MVA
hydrogenerator which has been operated for 30 years. The
insulation of the stator bar can withstand 130 °C and the
operating temperature is 60 °C. The test objects were
prepared by cutting the full stator bar to be a stator bar
specimen with 30 centimeter long. Then, the conductive
tape with 5 centimeters at both ends of the test specimen
were removed and replaced with the guard rings [6]. The
conductors were soldered by silver conductive paint.

Fig. 3.
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B. Case studies

In this research, six test specimens were divided into two
case studies. Before simulating, all test specimens were
heated at 60 °C (the operating temperature) for 24 hours and
measured PDC by PDC-Analyser-1MOD as referent data,

The first case study simulated the stator bars which
operated higher temperature than common operating. Three
test specimens were heated at 100 °C for for 36 hours. After
12, 24 and 36 hours of heating process, PDC measurement
of each test specimen was performed following the diagram
in Fig.4.

The second case study simulated the stator bars which
operated at the rated temperature of insulation. Three test
specimens were heated at 130 °C for for 36 hours. After 12,
24 and 36 hours of heating process, PDC measurement of
each test specimen was performed following the diagram in
Fig.5.

PDC-Analyser

A

Electrometer

N

Depal arization eurrent ‘
Polan zation current

L

Fig. 6. Diagram of PDC measurement circuit.

C. PDC measurement

The diagram of the PDC measurement circuit is shown in
Fig. 6. The yellow wire provides the DC voltage to
the electrode. The blue wire is the current measurement that
used to measure the polarization and depolarization current.
The green wire is the ground wire which is connected to the
guard rings and the ground potential.

In this experiment, a step DC voltage of 500V was
applied to the test specimen for 1,100 seconds to record the
polarization current measurements by PDC-Analyser 1-mod
Then, the DC voltage is removed from the test specimen for
1100 seconds and the depolarization current is recorded. The
software inverts the discharge current and shows both of the
charge and discharge currents in the same plot.

IV. EXPERIMENTAL RESULT

A. The stator bars heated at 100 °C

The comparison of the dielectric response of the 30-year
in-service stator bar heated at 60 °C (the operating
temperature) for 24 hours and those of the thermally
degraded stator bars heated at 100 °C for three periods is
demonstrated in Fig. 7. Fig. 7a shows the polarization and
depolarization currents. The polarization and depolarization
currents of the thermally stressed bars decrease according to
the longer time heating. It is obviously seen that PDC shapes,
DDF, and C ratio decrease after the first period and do not
change their values in the second period. However, when to
continue heating the test specimens in the third period, PDC
shape, DDF, and C ratio additionally decrease.

For the conduction current, it can be calculated by the
difference value between the polarization current and the

depolarization current. The conduction current of the heated
stator bar with 60 °C operating temperature for 24 hours is
the most. For the thermally stressed stator bar heated 100 °C
after 12, 24, and 36 hours, the conduction currents decrease
respectively.

The PI can be calculated from the ratio of the
polarization current at ten minutes to the polarization current
at one minute. The PI value of the heated stator bar with
60 °C operating temperature for 24 hours is 1.78 and the PI
values of the 100 °C thermally stressed stator bar after 12,
24, and 36 hours are 2.69, 3.39 and 3.67 respectively.

T — I G0CHAW.  —1,, 100°C 34
===+ [y 60°C 24 hr. s+ Tygpat, 100°C 24 hr.
i — L, 100°C 12hr. =L, 100°C 36 hr,
mmeLigo 100°C 12he, === Ligo, 100°C 36 hr.

-

10"

Current (1)

J .
2 oot = 48

T =23.6°C
10" T T

Time (s)

1
5 (b) == DDF. 60°C 24 hr.

et — DDF. 100°C 12 br.

—DDF, 100°C 24 hr.
== DDF. 100°C 36 hr,

16—

DDF.

10° =

107 = |%RH = 48.0

T =23:6°C
10 T T T I T T
10° 10! 10! 10? I’ 1 10 100
Frequency (Iz)
ST
() = C ratio 60°C 24 1. — ¢ rario 100°C 24 hr.

== ratio 100°C 12 hr, ==C ratio 100°C 36 hr.

C ratio

%RH = 48.0
T=23.6°C
1 T T T T T T
19 10 1w’ 10° 19’ 1 10 100
Frequency (Hz)

Fig. 7. Comparison results of the 30-year in-service stator bar heated at 60
°C (the operating temperature) for 24 hours and those of the thermally
degraded stator bars at 100 °C for three periods of heating (a) polarization
and depolarization currents (b)dielectric dissipation factor (DDF) and (¢)C
ratio

B. The stator bars heated at 130 °C

The comparison of the dielectric response of the heated
stator bar with 60 °C operating temperature for 24 hours and
those of the thermally degraded stator bars at 130 °C for 3
periods of heating is shown in Fig. 8. The PI value of the
heated stator bar with 60 °C operating temperature for 24
hours is 1.36 and the PI values of the 130 °C thermally
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stressed stator bar for 12, 24, and 36 hours are 4.16, 5.09 and
3.23 respectively.

Fig. 8a shows the polarization and depolarization currents
that decrease after heated the stator bar for the first period
and then do not change the values in the second and third
period. Similarly, the dielectric dissipation factor in Fig. 8b
and the capacitive ratio values in Fig. 8c decrease after
heated the stator bar for the first period (12 hours) and then
they do not change the values for the second period (24
hours) and third period (36 hours).

g — L. 00°CHN. —/, I130°CAH
wr=t Lot 60°C 24 br. weee [ 130°C 24 hr.
e — dpt. 130°C 12hr.  — 1, 130°C 36hr.
===+ dioper 130°C 121hr. “Laepor, 130°C 36 hr.
S e N
T
.. TSl
R . o, ey
10—
T = 23.0°C
1 T T
1 10 100 1000
Time (s)
100
(b) = DDF. 60°C 24 hr. ==DDF. 130°C 24 hr,
16 = == DDF. 130°C 12 hr, ===DDF. 130°C 36 hr.
7=
YR
) 1a
S
Ig?—
107 = |%RH = 47.0
T =23.0°C
10° T T T T T T
1’ 1 17’ 17’ 10’ 1 10 100
Frequency (Hz)
3
(c) = Cratio 60°C 24 hr, === ratio 130°C 24 hr.
== C ratio 130°C 12 hr. === ratio 130°C 36 hr.
4]
%RH = 47.0
T =23.0°C
1 I T I T T T
10’ 10 10" 10’ 10’ 1 1o 100
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Fig. 8. Comparison results of the 30-year in-service stator bar heated at
60 °C (the operating temperature) for 24 hours and those of the thermally
degraded stator bars at 130 °C for three periods (a)polarization and
depolarization currents (b)dielectric dissipation factor (DDF) and (c) C
ratio

V. CONCLUSION

In this paper, PDC measurement was performed with the
30-year in-service stator bar and the simulated thermal
degradation stator bars. It was found that PDC test results in
time domain especially in the shape of PDCs are useful for
preliminary analysis in addition to the dielectric dissipation
factor and the capacitive ratio. From the test result, PDC
shapes, the capacitance ratio and dielectric dissipation factor

magnitudes of thermally stressed stator bars decrease
compared with those of the stator bar operated in normal
temperature. If the stator bar undergoes enough thermally
stressed and quite a long time, PDC shapes, the capacitance
ratio and dielectric dissipation factor magnitudes will not
change anymore. For the PI value, the results show the more
intensity of thermally stressed condition, the more PI value
is. From the IEEE Standard No. 43- 2000[2], the PI criteria
should be more than 2 for a good condition of the tested
insulation. This may be summarized that the polarization
index may not sensitive to the thermally stressed condition of
the stator bar.
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This paper presents the PDC analysis of the thermal stressed stator bar. In
the experiment, test objects were divided into two main groups. The first
group is stator bars from generator (insulation ¢lass B) were prepared into
3 different temperature conditions, which are over-operated temperature
(100°C), rated insulation temperature (130°C) and over raled nsulation
temperature (160°C), With each temperature conditions were heated at 6,
12, 24 and 36 hours. The second group is stator bars from motor
(insulation class F) were prepared into 3 different temperature conditions
which are aver-operated temperature (140°C) and over rated insulation
temperature (180 °C and 220 °C). With each temperature conditions were
heated at 6, 12 and 24 hours. Polarization index, polarization and
depolanzation current, capacitive ratio (C ratio) and dielectric dissipation
factor (tand) of thermal stressed bars are analyzed. It was elearly seen that
the result from PDC measurement especially can be used for evaluating
the thermal stress condition of stator bar.

kpidition,

One of the reasons that cause machine deterioration is thermal stress.
Thermal stress oceurs due to a number of factors. For example, it can
occurs when an machine operates in a high temperature environment or
supports overload that causes the degraded rotating machine insulation
and leads to failure. In this paper, several condition testing of insulation
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Fig.1 shows the comparison of polarization current, depolarization current, dielectric
dissipation factor and ¢ ratio of the thermal stressed stator bars from motaor,

-

are proposed i.e. polarization and depolarization cument, polarization
index, ¢ ratio and diclectric dissipation factor (tand) to analyze insulation

Nrgedgloay
1. The test object is prepared by

cutting stator  winding 1o
cenlimeters, removing the conductive for 6,

3. The stator bars from generator
30 are heated at 100, 130 and 160 °C
12, 24 and 36 hours

tape § centimeter at bath side respectively.
ST ST sm 4 Thetest object is investignted
by PDC measurement.
2. The stator bars from molor are
heated at 140, 180 and 220 °C for 6,
12, and 24 hours respectively. |
- Rl
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Fig2. shows the comparison of polanization current, depolarization current, dielectric
dissipation factor and ¢ ratio of the thermal stressed stator bars from generator.

Adgpligton,,

The test result, the capacitance ratio in very low-frequency range of stator bar from
generator and stator bars from motor decreased for all thermal stress conditions.

For diclectric dissipation factor des in very low-frequency range, all thermal
stress. conditions of stator bar from gencrator decrcased but all thermal stressed
conditions of stator bar from motor fended to increase. However stator bars were
heated at various thermal stress conditions, we found that the polarization index
didn't depend on the heated duration of the test object. That can be summarized, the
capacitance ratio and dielectric factor were clearly seen different the thermal stress
condition of the test objeet, but the polarization index couldn't found it.
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