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ABSTRACT

This thesis presents the study about the electrical properties of pressboard
impregnated with natural ester that used in a transformer, beginning by preparing the
pressboard (Rectangular shape 100 mm. and 1.6 mm. thickness). The prepared
pressboards were dried up in the vacuum oven with temperature at 80 degrees Celsius
for 12 hours under 200 mbar pressure for removing the moisture within the
pressboards. After that the pressboards were impregnated with natural ester at
60 degrees Celsius under 200 millibar. The study on electrical properties of the
pressboards was divided into 2 topics: (1) the effect of moisture content on the
electrical properties of pressboards and (2) the effect of electrical stresses on the
electrical properties of the pressboards. For the first topic, the prepared pressboards
were tested for electrical properties, i.e., AC breakdown voltage test following to IEC
60243-1:2013, positive and negative lightning impulse breakdown voltage test following
IEC 60243-3:2013 and polarization and depolarization current measurement (PDC
measurement). For the second topic, PDC measurement was performed with the
pressboard experienced with various types of electrical stress, i.e., AC voltage, impulse

voltage and partial discharge phenomena.



nnRnssuUsEneA

Ineninudiauiiannsadniagarliamudmunadosnnladsunisaduayuy Ay
Frgmde AN wagAuzinng Mdudsslevdnenisinwiduainandinseaumnans
vinu o

91915871U3N97 5A.AT.UATEY NaWAY NIVAUTIY WagaAoeTuuy NauaIINs

= A

WAZUIETAUNTAINAWATINLAY PABAIUAIATNATNABELRBUARTNLIsANI W Tule
YDUVBUNTEAN UTYN naa w1avies 91in Aaevadvayu gunsaldmiuns

nagdav kaztuunltlunisvageu sadsaiugilun suageunslnineige

¢

YavauAM AMAnANA a3u1YyTal NaegliA1UTnY) wazAuYeTun1YIINIg
NagaUN a1 9

YavounszAn neaageulniiussas aandlihusegaunand aslwihdendaus

3

Uszinelny Aliausyesisigunsalnisneasy PDC Analyzer wioldlunisnaaauing

3

PDC 9UIUNISYINIY

o w o v

dnvnevevaUAMLIINANIUNdIAY ATBUATIveITINd Tiassiluidtlanasnun

o

(%
v

PgUNOUN guenaiuInfresliinddlatintaiaualsnsan1antuLn e



e
UTIARGDA NIV oo ees e eess e eesseeeeessseseeeesesss e eeeeese reeeeseees |
UNARAGDANIVIINNT. oo sossssssssssnnss [
N TTHUTEN oo e If
BTTU R oot oo \%
BANTURUNIT N oo Vi
BTTURYTUN Moot eesssstif e eesees o b s ecennsseee Vil
R R DA o R S SN VNN N VA ., 1
1.1 AU A ANLE AU oot 1
1.2 AUV UAY INGUTTAIATOINITANY Yoot 2
1.3 A A U DI S AN L itk e 2
1.4 N VRO AT U T ITE. L ttes eeieee 2
DS QO UATIONEL S ). k. W (09 Iococl . b 2. M\ . 3
? 6 Foreimaiaaatom ) L. 00\ e/gililisac o AL 3
17 VAT T AT ST IH09 e e 4
UM 2 MR ot e 6
2.1 AUIUANTURTOUUBIIINT . oottt sen e et eeeeeeee e 6
2.1.1 AUIULTY (SOU TINSULATION).... oo rs oot 6
2.1.2 auubAa Y (liquid iNSULETION).. .ottt 8
2.1.3 APUIUNISE OLANINUBIRUILIIT oo 10
2.2 AISTOEDURUIULIIT oottt es e eeeeeseeees 11
2.2.1 NMSNAABUAIANNAINUADUSIAULNTHINTIUAFU oo 11
2.2.2 ASNAABUATAIINASNUADUTIAUD LRGN Voo, 11
2.2.3 ASNAABURRUITVUTIA T oo eeseeeeeeeeeeeeeeseeeeeeeeeeeesseseeeseeees 16
2.2.4 Msnadeumsinansrualnalsdiwtunaznsruaninailsdietu. ... 17
UNTL 3 A0 1N AAOUMAZNNTAATIU oo 18
3.1 G108 N BUNATOUUAEYATATOU ..ot 18
3.2 MITVIRRDU oo eee s s ee s sees e eees e 21
3.2.1 ManwaaNTimsliihvsansavesafitiaanetu. ... 21

3.2.2 MSANYINATINITLEDNANINYBUNTAUDIAIINASNAFOUNINTHN...26



#1508y (5i9)

e

UNT B BANIIVINEOU.c. oo 28
4.1 mafinvauansinsliihveansavesafifnaanerintu. ... 28

4.1.1 MINAABUANUAINUABUSIAULNTINTEUEFAU oo 28

4.1.2 MINAADUAIIUAINIUADUTIAUBUWAATIN Y. 29

4.1.3 mMnegeunszualnanlsditunarnselamlnal gt U oo, 30

4.2 MSANYIHATIINISIADNANTHYDINSAUSSARINAISIAdD UMW 32

4.2.1 msinanszualnanlsdietuiaznseianinanlsdutuvoansauasa
MA9IINNSNAADUAIANUAINUABLTIAU NN TLRATTU oo 32

4.2.2 MyinAnsrLalnallssdularnsywaninanlsdiwturednsaunsn
NAIINNISNAFOUAIAIIN AN UR DU TIAUBUWATH I e 34

4.2.3 n1siaAnseaalwalsdwdunasnsenaninan LSt uva I nsauase

VRIIINNTTIRDINITAARAYITDU AN oot 35

UNT1 5 ATURANSNARBILATTBIAUBUUL ... s et 38
2 ol FURTOMIXDTA. X . JE AN AN XRFITT - - F e B 38

5.1.1 nafnunmasAnslifiveunsaue SATINAINATIE . ... ... 38

5.1.2 MIANYINAYBINISLABNANNIYBUNTAUBSAIINATT LASUAIILAIEA

NATAAT N 2 g S AT 2 AL ....... 39

N Doy 8N F) Sy (S (N o 41
OUGAFTENE ™ WA A W~ B~ 2’ SR SOND § S a2
FYRTLTTET T WO N, S PSR o 0. N AN a4
\TEER G T R N, SO 00 1 N R ™ O 61



#150yA1319

A51991 N
1o WHUANTA MU IUTTE e 3
2.1 MTUSU T IUBIRUIADD oo esessssessesesseeseseeseses s 6
2.2 AUoS TN A RYDINTEATEBUININUARILAUIUMAIT 20 DIFTATEE (€ ). 8
2.3 ANAUURYDIAUIUMAIYUAR N oo 9
3.1 TwavldunuarANaNTRYBUNTAUDSATIIATIANAGOU ..o 19
8.1 AT D ENDTSTTUT N e 28
4.2 AR AU DL TR UNTE LA AT UY DN TAUBTO oo sieeesseeesceeeseeeeeeeeeeseeeseseesse s 28
4.3 APPSR DL U I AGH N AU AN YO UNT AT 29
8.0 ANAAUA DS U DI WAA NI AUV BUNTAUBIA e 29

VI



dsuyUN N

SU Ve
2L TN TRUDTO oo e eeeseseeeeseee e e s e e ee s e eesseee e s eeese e e e ee s 7

2.2 AFZATHAT I, eeeee oo 7

2.3 AT AT 1 U DU DA N DTTTTHU Moo eeseeeeeseeeeeseseesee e seeeeseeseeseeeseeeeeeeeeeseseeseee 8

2.0 ANSYDYARNYAIUTTTUYNAVBIRUTULIIR Yoo eeeeseeeeseeeeesseeeeeesesseeeeseeeee 9

2.5 AUEUTUESEWINIAATY LAZLSITULUSAATIVDIRUIUMARY oo 10
2.6 LATIATNIUDITAG Ui eevricererseereees oo b s sseee e e 10
2.7 FUNTINUBUNAAFUAR LT TUARULL o 12
2.8 JULSIAUBAAATUAAUTRNGATEIRRU L 13
2.9 FUUSIFUBUTAATUARUTNEEAMENRARY ... 13
2.10 awaﬁugmmam’?aqﬁwLﬁmmoﬁ’uémﬁaﬁ MAFAI LD e XN 13
2.11 2ATHUFIUTONATOI TN UTITUBUNAT 1995 Bttt 14
2.12 2995403 09 ALS I UB LA LU URAN BT UL AITITIND oo 15
2.18 priaignsggadinieem ) /.. (OO0 .\ /gt T Lk 16
2.18 399301550 UATOIRUTENBURUFIUYE PDC.... oottt 17
2.15 DIAYTENOUVBINTEUALINATLTHUDBU o vvovooeoeoeeeitess ettt beees et esse e seeene 18
3.1 BIANIASAYANAGOUAIAITLASNIUADUIITUUTAANIUYBUNTAUDTA oo 20
3.2 YANAABUAIAIIUAINUADRIITUUINATIUVBANTAUDIO ..ot e 21
3.3 NI TAUDTALUT DU vt iese s s oo st ssesssseens o 21
3.4 AT DULNT IUPLNTEUD I AN TLOBNDTTTTUYIR oo eeeeeteesioeeeseeeeseeseeesseeeene 22
3.5 19ATNAABUAIINAINUABLS SN U NN T U FFAUVDUNTAUD IO ot 22
3.6 JATNAABUAIILAINIUABLSIAUDUNAANINIVDUNTAUDIO oo 23
3.7 YANAARUAMTUINAT PDC YBIAIBETUNTAUBTO oo 24
3.8 1A389 PDC-Analyzer 7A@ MU AAINISLAYOINTHUDTO oo 24
3.9 2995 INAINTERALNA LDV TULALNTERARLNATLSTLETU oo 25
4.1 PDC 909nsauasn il e o uins niund e e A S ST IUIN R oo 30
4.2 PDC 909 NSaUaSAT BN NLUAGILOAADSSITUYIR WL 8 FIRG.emr 30
4.3 PDC 909 NSaUaSAT DU NN ILOAADSSITUYIR WL 16 FOUG 31
4.4 PDC 909 NSaUaSAT DN NLUARILOAADS5TTUYIR WL 28 T 31

Wi



dsuyUN N

SU Ve
4.5 PDC Y00 nsauasnilal i niumd e 0am Do TTUY M e 32
4.6 PDC U0NTAUDSATI BUNTNLUAGILIOAABSTTTUYIR U 8 FIUL.e 32
4.7 PDC 40NTaUDS AT BUINTNUAGILIOAABSSTTUYIR U 16 FIULe.rre 33
4.8 PDC 00NSaUDSATIDUNINUAFIBLOAABSSTIUYIR WU 28 FIG 33
4.9 PDC 00nsauasnilal Lo Bamnsntumd e 0amoT oI TUY IR oo 34
4.10 PDC Y00 NSaUasnTioatnsniunf oo dnassssut® U1y 8 F38G. 34
4.11 PDC Y00 NSaUasAT DU NI NUARIELOAAOSSTIUYR U 16 FAG 35
4.12 PDC UaaNsauasnfidunIniundeoanossssutd Uiy 24 S0 . 35
4.13 PDC U8 NSauasafi D naniuafeleataossssua® Ui 8 S99 36
4.14 PDC Y80 NTaUasnfisnsNUAS IO AAOSSTTUYR U 16 FIG e 36
4.15 PDC Ua0NSaUasaTiouNs LA IE0aRDSSTTUIE YU 24 FIUT 37
5.1 AUSeuLTiou PDC e nsausaTiotnsnung o aataossTsut R ..o 39

5.2 NS EUIBUPDC Y09nsaunsafi U NLUARIELOAAD35I5HY RN
NNSNAFDUAIAITHANUA DTN U TN TIMEETU v eseeneenes 39
5.3 N39S EULTIBUPDC Y00 NSAUDI AT BUMSLUAMIELOAND35I5LTIR N
NSNAFOUATAIILAIVIUR DU TIAUDUWAETVH Yo semesstiseeseeeeeeeessseseeeesseeseeeeeeeeeeees 40
5.4 n51USEULTIEUPDC YoamsaUDsalBumMSNIURAIELOANDISITLTIRN

AP HE O A R TRl LTS Gk K LT i 2 RO ST T a1

VIl



1.1 anudunuazanudifguasden

o w 1

wiowdadlliln 1WugunsalidimnudiAyedaunnvesssuudsanenasluinings
duUsenounanvasnianlatlsenausie fu wnuwan wazauulndn nsawiunielu
ilawvadlnirusznaumsauiulniiivdn 2 wlin Ao auIuLTe LazaUIUWAD aUIUWT Il
yiawladlann nszaue3v ATEAY UBsSA wasnsauase viriniiduawiuneliii way
Foe5Unsamang wasduluauiuiiannsavsveneignisldnuvemdoulasineg dwsuauiu

g & o o v A& o v A v XY v

wiad Ul uauIunanyinranduauiuna iy wazyinvinfssuiganusaulinunsawuad
Jaydulugnamnssunisudandawdadlnifisulduriundauuas (transformer oil) w38

(%
o w

13funs (mineral oil) Wuauiunan Qmamﬁ’ammﬁwﬁwﬁaLLUmQﬂﬁwmmaéNm’aLﬁm Ll
@ v aa o 1 I 1 1 [y @ 1 .:4' a a
AdaiiRndinegueUsenis Wy Armnuamuseansiulihasanasusgaunnidetiuiung
AUTURDUWRUTY (10-25 ppm) Ynfntivesdtuniontadialigannidn Ussuiu
150°C wagAINaIulsalun1s8a8aaIunIusssuYif badee Wasuivawiumaingy
walnes FIRTUNISHANTWLTINGY Lodnessssnyf (natural ester) liignldiluawiuman
lugnavnssundaudadlniilusnsesne iWesnauautflpgsauaninundungdanlas
V3oUNIULS AENURVUDAMBTETINYIA LA AIAIILAINUABLTIAUUITNAIUTIAZS
P v ~ A A ~ a ~ a
fawdnazdussanaainud uidavuas (350 ppm) d3adaln wazanyliigungdas
Uszanad 300 9 Ealted wazdAuaINITalUNISER8EANYAINSITUIR A USZUI 90 %
neluszeziian 28 Ju wlewigunuiduniewlasnaiunsagesdatslaifies 10% nnely
a o e v & aa A 8w ) @ v
SEELIAALINY DIMIIIISIANVBILOELMDI5ITUYIRTSIAALNININUNT NS BwUad wAN el
anamnssululsznalneviwidlahawiuelnil wseauauuilaesiufindy wasduauiy
PSnwdsneden egnlsinudledinisldnuldsyeznamils guaniRveansavesanldidu
AUIUTINAULDALABITITUYIFITFDNA danasiaUsednsnm wazorensldauvemianlad
Il Ausanudlaferfuauandinialii niena niead Fadanudidyuins

a a - R d' wa = | a s g v g
'JVIEJWUWUﬁu%QHQLUUIUVIﬂ"lﬁm@ﬁ@UﬂmaﬂJUquQlWﬂ’]LWENE]EJ'NL@‘EJ’J“U@QLWiﬁ‘U@ﬁ@V]EL%L‘Uu

AUIUTIUAULDALADITTTUVR



N1SNAFUAUANTATOUNTAVDTA LALN N1TNAFBUNITINAIAIIUAINUAD

g s

uswiliifivesmsavasafidumsniundieieanesossumamouswiuliinssuaady uss
fusuiadiirindauin uarussfuduiadiiindaau saulufsnmsvaaeunsiadinszua
Inanlsdiwdunaznszuaninanlsfiodu ilegauandiniuduauiu Wethundieuieuly
uiaznsdl iosnngldnunsioudasililoamessssummiduauumalulsemalne s

Y]

anusanudlafefuauaudiveunsavesanldnelundewdasliinildioanes

v 1%
(Y o =

sysuyAduauiumad Inednusidavihiuiednwnuaudfnsliiilossiuresauiy

wsavesmiluldravanlugnaivnssunisnanla

1.2 AUYINIIELAZINgUITaIATDINISANEN
almneveansAnwiiulszneuludae 3 Taqusvasd dell

1. ilefinwguandiveunsavesanltalumioudasiih ildlompessssunaiuauiu

2. ileAnweriduauuvesmsavesaanmsnaaesunsliih TiuA msvageunmnmy

FAOUSITULUINATIN wazMINedeunsinAmnseikalnalsditulasnssuainanlsdiadu

3. WBANYINATDINISLEDUAN WU DUNTAUDSANEIAINNILNISNRERUNS NN

1.3 #uNAgIUYBINITANED
waTilsnmInaaounuantieLiuatureunsauesandumsniuafoeanes

595U ANsYEENA119Y Ifafigndea uazuaiudh ilefiannsaldidudeyauszneuly

megaaminssunananndieuadlulin sauisdnszualnailsdiody uagnszuaflwarlsd-

wunlaanunsonseinuautavesnsauesalanandniay

1.4 ngufvsouudfniildlunsise
Tuineninusiduiidunisdassmaniounisdumsniunveansavesadeioanss

s3uYIAT szezIaEN WefnwAmaudialuiid sswiuvesauiumsavesa nanis

naaeuillfamnsaluldneseslugnamnssunisudaniouvaslninildauiueaines

ﬁﬁmwalﬂmmumm



1.5 UULIANISIAY

WASAUBSALTIUNITNAEBU AL LUNTAUDIA VUM 100x100 ANS19NARLUAT U1 1.6

fadwns lun1siassssegalunsdumsniunrednsavasnzyinnsdumsniunlugou

geyuInAnANALEINIA 200 Haduls lnswsazeulvlunisiiassagyinimmaaaunis

Tyl il

1. NMSNAABUNITIAAIANUAINUADLTINULNAINT S LAASUVDINTAUDSA

2. ANSNAFDUNNTINAIAINUAINUABLTIAUDUNAAN NIV INTAUDSA

3. MSNAFDUNTIAAINTLWENALTTYTU WATNTLLER WA LSTTTUVDLNTAUDSTA

fusag1unsauasanlaneaaunina1Iun euwdSeueununsauasatnilnelddaule

528ELATUNTBUNINLUALAEINY

1.6 VUADUNITANE

a o

a3 lavinNIsAnwAuAIITeyaIINNg ] wazuITER1e) Naglulseng uay

Anelsine lneseezanidlunsaniuauiy ATOUAUATLA ROUTWIAL W.A. 2562 B9

LD AAIAN W.A. 2563 ASHLHUNTTANTUIUAIWITNT 1.1

A15999 1.1 LEUNISAILEUIIWINY

AT5ANLHUIIU

Unsfinwn 2561/ 2

Un1sfnwn 2562 / 1

bl 8.

N.A.

.A.

da.0.

N.4.

#.0.

W.g.

§.A.

1.Anw Moy 1UITY TIUNN

aa a ) awv
NOYHNNYTVDINUIIUIRY

2 Anwnsmaaeunuautinig
Az saldneaauiuinsa

Uasale

3. Anwnsinainsewalnailss
) = )
WYY WATNSTEWAR WA b LT

WeldneaeunuaudivesauIy

4.91999N56 A NYIVDILNT A
Uain i ofnyinuatUAves

WNSAUDIA




A15199 1.1 (A1) LEUNITAMRUIILITY

o Unsfinwn 2562/ 2 Ynsfnw 2563 / 1
RELRIININRLY

A | AW | dA | BLY | WA | dA | NY | BLAL | WY, | B.A.

6.9ANIN1SNAADUNDNAEDU
Aaaudanigdniivesnsa | ¢ | @ | @ | @ | @

s

< al 14
79379 WAAINULIUTRY LAy

y v - o | o
Neaa Ut lutaRANaTn
8.71A31¥Y UaraIUnanIs
Y
NAADY
9.3avigUtanInginug o | o o | o | @

a o v

1.7 NMUNIUITIUNITUNLNYIVBY

ns@nwnautAresnsavein fawidndaldunsvargundn uidmesiunaund
nsfinwludnuast lawn

Tud ./, 2548 dn15UEUBNAIIULS 89 Dielectric responses of new and aged
transformer pressboard in dry and wet states [1] 1ae J. Gielnial, uayAams Tuau
International Symposium on Electrical Insulating Materials 2005 (ISEIM 2005) aiqﬂblﬁj’j’l

dy [ [ [ o o/ ¢ aa = wa = aa wa

mﬂmul,ﬂu{]fﬁlwaﬂiUﬂﬁVlﬂViLWiauaiwamLWiﬂLummﬂmauU@LiJa guld Iﬂawuﬂmamu
weas AeflanwarduitiuinTuiiesnaanuu

Tud w.A. 2557 dn1sud@uenasIuLs 89 Diffusion Coefficient in Transformer

Pressboard Insulation Part 1: Non Impregnated Pressboard [2] 1ag R. Villarroel wazaadz

Tu IEEE Transactions on Dielectrics and Electrical Insulation Vol 21 No. 1 aiﬂlﬁ’mwaa

s
a a

voialiH1unBumIniuafIgauIuWAINgull 100 ssrwaldua dAduyseaninis

a (Y 5 6 1 s a a I 1 @ Y v
ammsuaqmmﬂ'mwaauammqm‘wqm 40, 60 az80 peAwadsang1iulate Lay

I a Y L3

Wiguiguiumnuvuvesnsauesa Noumnginelnumsauasanianiumuiuinninagi

]

o

11U52AN5N150UFvesnuInnIEanatkuluwingu




Tud w.d. 2558 dn15U1LaUONadIIULS 89 Moisture Diffusion Coefficients of
Transformer Pressboard Insulation Impregnated with Natural Esters [3] 1ag R. Villarroel
warAMY LU IEEE Transactions on Dielectrics and Electrical Insulation Vol 22 No. 1 ﬂq‘d

LA INNSAUD S AN DN NLUAPIULDALN DS TITUVIRU UL AUAINUADANUTULARNINNTAUD S

a

Fsumsniundsitunseulas iesneamessssumatlosiusyneuiieninlelasian
wnnihifunfeudas Seilvasuldhiianmwedendenty msavesnfidumsniundae
amessIUTRaNsanUsom L UlEAn T wuvsTeuUas

Tud .6, 2559 finstauenauises “The Effect of Thermal Aging on Surface
Structure and Mechanical Strength of Oil-impregnated [4] 1ag Cao Pei uagaady Tuau

International Conference on Condition Monitoring and Diagnosis 2016 (CMD 2016) @3

¥ 1
Y = A

lpdngaumgiiiinaderiveansauesatuniaiiunienw Aelldiudulieanmniigs laseass

)

waglaagnyinangluiiidulenduas waglassasmnsiuanuudusnensenuianas Wie

£

insavesalasuanmgigedy



H
=

unv 2

= v o/

NOWANLNYIVDINUIIUIVY

[

Tuuniiagnantaanuinugiuierivawunelunisudadlnin suluansmeasu

<9

Anian AN lWinvesRuIuTiFeIN AN
2.1 aurunelundaudasinii

vhstunouvas uazmsavesaduawiundnvomioudacining sinislduegig
unsvanetdunany imseliamuanidrnumduauiuddlusaduangay (5] difunde
was videthsiuug detaslunsszuieruden wsavesaduauaufianunsasesdunsmiena
(61 TudlaqiuFuiinsliruddieasumssnwawndeudummiliimasizuing
SSumauumaniitluaiivan tarinisdesaaremedananldine [7,8] uenandunsuusig
mm%ugq warflansuwdounzinenensiusaniay mms’f‘iyué’uﬂummmmmiamawaq
aundauswinauazydlitiihveansavesa (9,101 KetunisfnwauauiBveunsauedn
Fafipugndu ﬂm?iawuaqauaulﬂﬁwfuaq'ﬁwamﬂﬁa Wy Audy, anudunse,
90n3aY, 9amgll wasnisenielii [11] Tnedadasingg AolfinnnszuILNIToENTIAT Y,
nszvaumslalaslada wagnszurunmsinlslade damaseauiuval wazawiuuwdanieluniie
wUaalnil [12]
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Synthetic Polymers
Organic Inorganic
Thermoplastic Thermosetting
Amber Ceramics Prespex Epoxy
Paper Glass Polyethylene Phemolics
Pressboard Mica Polypropylene Melamine
Rubber Fiber Glass Polyvinyl Chloride Urea Formaldehyde
Wood Enamel Polyamic Crosslinked
Resins Polycarbonate Polystyrene
Elastomers
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1. AnuAuALInulni (dielectric strength)

2. AosTin@in ()

3. Aurlanesiaggdeladianain (tand)

4. ANAINNAINUFIBLTING

5. A1ALAINUEUN AT AT UazAuTeu

atnuud il nuduauiulunioudasenanvsesndu nszawuis (Paper),

A38Aw AR (Board) wastnsauasn (Pressboard) Iasvialunszmwuisazdaiiy
NN B8N 0.8 UAALUAT FIUNTEATETALIIFSUAINNUUININATY 0.8 HaFLUAT
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199n3eA1eATIN (Kraft paper) mfmvimLLazmmLLﬁumaaﬂﬁzmwﬁuagﬁ’wﬁfﬂ‘ﬁ'mi
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Wad W UuauIu ANUeSHARIRYDINTEAUBUNSNLUARUILAITURY T UAT
WosiniiAue 1Y laavaIn T8N whaUBIAUILVIAINBUNTNILN UAZAUVUILLY
YoInIEAuEAUasnRIRTINHausaAuIUld fegeAesiinfIinveinseany
dumsniuanduauiukanslunisei 2.2 auaudanisiiitvenseaiwasim uag

paper polypropylene paper (PPP) Bunsniuntisfuawiuuandlunisnsd 2.2
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A19519N 2.2 ANUDSUARIAYDINTEANHOUNINLUAAILRUIULINAIN 20 DA NIALGE (eres)

e ANUSHARINYDINTEAEBUNINUARILAUIUNED (£.0)
auAUmAIN I uWINLIUA
0.8 ¢/cm’ 1 ¢/cm’ 1.2 ¢/cm’
Trichlorodiphenyl g, = 6.1 6.28 6.3 6.4
Pentrachlorodiphenyl 571 5.88 6.06
Transformer oil 3.26 3.72 4.3

2.1.2 awuwian (liquid insulation)
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duAs19 Aansiunlalasalsueay 1TuTalau Laziedanes LuRu

L@ALMBSI5TUYA (Natural Ester) LadLAD3 555U NARNLALNITANARINNY

Wy unedu, dawmaes Wudu lassasramdnisznaumiensaluiuniivesea

'
2 =

(Glycerol Backbone) wagueanagea fagun 2.3

Y
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CH,—0 —C —R"™
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0
JUN 2.3 1A5985199840aM BT T TUYA

mslfioamnessssuAiduauiumaivemiiaudasliiing uduusyanad
A.7.1990 asananudnadudunden [13] Tuefnawiumatdlngildlunie
wadllfh Ao thuus viiethifundentas Tnethitunsioutas fgedesvanetsenis
fhegatu aeRnlildwiliiesensfndaffeslifenldudenanihiundiouas
Tuenms fiddindundiowlasdmansenusedwandeu dosniauansoly
MsaaemusITNnIAliies Iuiliiinsfaunauiumanesseilosnuauifves

AUIUNRAITLAFILE) LARIRIAITI 9 2.3




A1519% 2.3 AruaudRveRuILvaIviamieg [13]

Property Mineral Oil | Silicone Liquid | Synthetic Ester Natural Ester
Flash Point °C 160 >300 >250 >300
Fire Point °C 170 >350 >300 >350
Fire Classification @) K K K
Oxidation Stability Medium High High High
Moisture Tolerance Low Low Very High High
Readily Readily
Biodegradability Low Low
Biodegradable Biodegradable
Corrosive Sulphur Possible None None None
Pour Point °C -50 <-50 -60 -15 to -25
Breakdown Strength
>70 >50 >75 >75
IEC 60156 2.5 mm (kV)

91AR15199 2.3 wandliiiuinuanURlag T uve10anas 3 yIAANgT
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Biodegradation (%)
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UM 2.4 N15808anumUsITUYIRYDRUIUMAT [13]
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- AWDIIIIUYIANARIINGTINYIA Inenrsadaainiiyvinbilidudunsiese
34i1730 uazieamessssuvAlianunsasumegussenia ldneliAnuaiivsie
szuumaiumelavesdeldin

- awessTRdamamussusuuAn g dtihifundendas Tuania
Aty Sudieraiurenoanassssuifigs wififarwannsoamy

AonTsiusAnTlAguduiy wanaAUFIRUSAIUN 2.5

Emakdown Valtaga V)
B @ n -

] 100 =00 =0 400 =00 &0 0 8o aza 1000
Molstur\e CaniEnt (ppmi

SU‘VI 2.5 ﬂ’J’]ﬁJﬁllWUﬁi%‘Vi’JNﬂ’NQJGUU LAZULIINULUTNANIIYBIRUIULIAT [13]

2.1.3 psvviumsidenan muesauaubiih
1. Msidenan e RuILIaglad
waglaaluawiundnglumdeuvadniiwdnannldl wu nszay,
wsavesa Wudu waglaauszneudigiusznglaadiuauuin wusy CO
uazustlnladiniigndniBes uazilenserudulyen wanadssui 2.6
Tnsauluiraglaadziiafiosnimainiiauiumad 1iegunnfives
N3¥ABEINdn 105 °C (Insulation class A) dewaliilgwediwesvenglaagn
dneen wazilogamaiiasnia 300 °C aziinmsdaeusziaidulia CO
uay CO, TneBuai CO, CO, figetuazamaliignmniaelundoulasgelu

wag O, dwalifinanuvuresuiugagladluniowdadlviiauy

(|3H20H (’3H20H CH,CH
|
|/ H \I\ l/ \ I/ AN
SN/ w\SH gl 170 \0” y CNO
ik i

H  OH oo N o
5UN 2.6 lassasnsveaaglas
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2. MIHONANNVBADANDTTITUYIR
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v
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LAMBTsITNIANNINNT1ANT Uve s T undaudatuazi g dlauy
ATLTUYBIRUILAIANNTATNTUINEUNNT LoanassTTuyAgeulnise

N13inUfA38109NTuatu LUesaINtAseas1Ivaell

2.2 n1snaaauauIulnii

2.2.1 MINAADUAMIIAUUTNATIINSZUAASY

N1INAFOULNAADULNONIATLTIAULUTAAIULNTAUD AT DULNTNLURAA2E

1< 1 Y (% % 1

awrwandunisnageunuasnuasnsinuliinssuaasuateldaunlnilla
aunaNelantey JUNTBENTATADENLUUAINLIATFIN IEC 602431 [15] U3
a o v [ = s &
sanlasanlanadouiduluy Unequal electrode tilasaninsavasaiduauiunas
JENINRglaauAzaIumad 1ASIES 19U TaglaalAU NI AUIUMATANI TN
Tduwnunemeluwaglaglamedsnisumsniun Inemildidulowaglaaiinnunmy
LaBianssngeninauauman

1 1 v a v 6 1
2.2.2 MINAFBUAIAIUAINUFBUIIAUBNNAFHHN

wsasu LA A UL UNTSUAR AL ULU UL NLTIAULAULAS AN T UL T e Us

Y

'
[ =Y

MAnINwmANIBuen NN eI uUTINGNITalTnNT 158017 Lsarudunadsuad

Y

e wasifaduanatnnglussuvdiees Ae LAnNNsviuYedaing vie

£
! a =

wastmusnines Wellmmuinnsauiatuluszuy 3o ussduduiadaing
2.2.2.1 UrduusdUBLWAdIATTIY
Lsasuduadenamunsetefvunselud
1. summaqLLiwﬁ’uImquﬂa%wmsﬁqmaamﬁuaagﬂﬂﬁmmﬁu Tunsel
fiflszaendou MAnanesadaladulnd veaguadu lrifelendiade

1 d‘
NNAIIRFUAGUTZADN
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2. vt dutuinuseaudle Welisuiudiu
3. AN RntAaY T; mnefaieIa il ssius s unequd
AL OUIUDIANLDA

4. IAYIVAIATU T, M8 IAAUALTGUSTIANTUIINAUE
\alourUANgaRIUNTETITWINARALTaATnTlivasAngan

sUnBUusuBITadoranUwdY 2 suuuu Tdun

'
A

A = = oo P

1. sUARUAY (full wave) Famanefeguaduinilvunaiiuduisrngen
LénAee anasegerallosaunseiadugue

2. 3Undusn (chopped wave) tinannmsdeuussiuduiadsuaiu
W lUn Yagvageu uaznsauiuesTannaaeutunuRensIiud
Jowdnlulale Jafnnisatrsaruinulnniuis vseiinusn
AtaEngs M liAen13an9as M iy nsiinAdiudeil 9199y
a X A o A A Y A ey

INeTuduvaInaY sedunthnauile

s

Tugui 2.7 uansdaussiuduiadsunduiasiguaduifu SUN 2.8 uanadia

Y
o a v s d‘ ! U L d‘ ldl = U a v [
LLim‘uamwaﬁgﬂﬂauﬂﬁmmwamau LLaSE‘U‘V] 2.9 LaANNILIINUBUNAE
A v A

supauildaminAus IRy SUARuARHdIuAMmMUATd ALY Ap 1A%
al LY £ Y a o o [y al [ |

AAURA (chopped time) T, ANANANNAIAAY VUINVYDILIIAUAD ANYDA

(peak) fuinsinivinpauINIALSITUNAD ATl o 9adn Fadurgegnues

A A a
JURAAUTILARD

LE

JUN 2.7 sUusaiuBuiadsuaduirgurauiy [13]
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0.9

0.3

N t

Te

sUN 2.8 sUuswuduiaduaduiidnnaenau [13]

A L

JUN 2.9 sdussRuBuiadsUAduTiEdantiedy [13]

fsiamansuiussiuduiadfiasdutuiulunusassgudwuandola
A1 Ty, T, v T, e Bfiuansliluguit 2.9 Tedlunasidimundeludvioli do 1a1vas
winedu T, = 1.2 1S+ 30% fe 9gfoseylurae 0,84 - 1.56 1 S uay 1A1TImdsAdY
T, =50 1S £ 20% fio wdosogluyie 40 - 60 uS

AeoALTIRY Uy, seulviiananald = 3% vesrissysunauusenuduiad

2.2.2.2 19935MugIuvaesednidalsssiudunad

v s

asiiug i idasuswuuiadsuad ikl 2 wuu aslugun

Y

2.10 wag U7 2.11
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SUM 2.10 2935UFIUVRAATOIANTALTIFUBNWAT 2995 A [13]

SG

() U, ==|Uo Rel Co=<| u)

JUN 2.11 29TNUFIWVOLATRINLLALS I UBINEH 3995 B [13]

AuvEelugtiees 2,10 ke 2.11

A L2 % 1

AD LIUNIZUANTIVDIFITY

Ao LIIUdnUsTEANTEUANTY

Ao fuhuuseduiadduiunundsu

fio suifuuszalvan (sasisauglaiiuesgunsaliniosiauasdug)
AY ANAUMUTINANSBUEDAUTEY

AB AIUATUNIUNLIS

Ao ANA LN UUdREUTEq

Ao uswudiadnlFuuslumuam

Ao a@unsnwny

2.2.2.3 2asesosillausaiuduiadvanetu
I1INWITNUFINVRINTAT LT UBUNAE Unfivvaanwuuliasnag

wsarulafia 200 kv Galdiieanadmsunisveaey BIL vesgunsalnldiu

v s 14

WIIRUTEUY 52 kV 13089071 ATLTIRUduNadge 013as1elaniunias

Y
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AMAALTINUDUNAALUUVANETY L8l 0995a519WSIAUBNNAF PNUNENNNT
¢ ¢ y . . ) a
Y243 (Marx’s circuit) Aalugun 2.12
ANV YA Nwal TuI995 aemTouf U995 T Uil ugIu
(LAFINUNE 7 WARIAUTUAIF AT ULAZLAT DINUNY 7 LAAIDIDIAUTENDU

Aa XA o =
APUBNYLNLTUNDUIUFUAAU)

Rlld
o
R’L
IMPULSE | uc)
C VOLTAGE
R, METERING
C
.
I¢ =
R G l
0 DC CHARGING =
SUPPLY

JUN 2.12 29951AT09 L AUTPIUBUNAALUUNA I8 TUAAI93TLN D [13]

AnluIrUsenaulueas

AD LIIAUNTELEARTIVDIATNY

Up A9 usanudnusegnIenanse

C,  fefuduuszgduiaddudifundsau

C, o fufulszqlnan (suvsprgliiivesgUnsaiadosiauasdun)
RO Ao mméﬁumuﬁﬂﬁ'ﬂﬂimaé’mﬂizmwiaz%gu

R, Ao Avwdumumiiusiazdy

R, Ao eudnunuudenusyausiasty

Ut) 79 wsasudunadnbawdstuniua
SG Ao aUsnuny
d' a 6 1 v 7 <
diainaunsniaesezssiuwuvaynsuaslaasiuny
G = Cy/n
Rd = nR’d
Re = nR’,
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2.2.3 MINAFDURAYIFIVINE I

favsaunsdrudadunszuiunisfiauiudndsanin fnsaemndsau
wazarunasengetuneludeauu wiliinawediagyilfiAamaiusaniad mnida
nsfamsavanfusseznawisardwarhlfauiuiudeanim wasiausaanad
Iuﬁq@ Imadaﬂmﬁﬁmﬁamaﬁ’mLﬁ@fluu‘%nmaumlWﬁﬂﬁaﬁﬂLama WU VBUAY,
Janouvan wio Yan faswumieu Wudu domliauuluiinieluauiudul
ashiaue wazAnanueientu ednalsfnnunansenuainniaiafaauidiy
dswasionainuiisenailudeauiu awudsanmuisd anoglulunisldo
Y0 IneRarisaunsdiuaunsadiwuneendu 3 wuu

1. lalsunfawnsa (corona discharge)

TalsuAaenia iinuszqlifmdsangenelud oauauidauulaiil]
alanege WU veuay Uaisumay luuisnsdietadswaviliiAnuas uaz
AeugAseed elalsignavaussdnihmedeauiuwnniy

2. fdw15am i (surface discharge)

Avauuinnuddgsasyuuliiiegnsunn mnandsn viainseudign vin
Ifgnuinanuaienann duilenahluganudumaivasszuuliil

3. paansanelu (intemal discharge)

avalsianysafveadioauu 1y Tnaseinia Audevu auauneludige
Hudu gaimariiduduamnishansaniely wesiludgnisianemeg vio

wsnAIdluign

A e

(1) Corona_discharge 2 Surface_discharge (3) Internal_discharge

sUfi 2.13 MSLARREYISIFULUUAIY [13]

U U
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2.2.4 ANSNAFBUNTINAINTLWELNAN ST TULAL NTLWER LA Lsbt

g aa = aa &
ﬂ’]i‘VIﬂﬁ’e]‘UuLUUﬂ’]iVIﬂ?I@U'JﬁWHQIU‘VIa’]EJs]'lﬁ WonAutulussuvauIy

W@ Bushing, Cable, Generator, Motor Wag Transformer lngnisinnseialnailsd

wfukazAlnalsdiodu LaIgNaTeINTERANIEetIe LilauIns s uly

SYUVRAUIUDNT

A153A PDC ABN15TaNTe0and 2 3in iafneanuLan@I99nsewanela

la59a379 Bndna uazaududouvesileauiuniuand1aiu 3ngun 2.14 uansgy

1995 UageIRUsenauniugIuves PDC

= current measurement

Voltage
electrode
/

Pressboard U, i Polarization

N Jaslo A CUrreNt measurement
Current

electrode @

Tp
Period of ~ U
polarization | Depolarization

U(t)=Ugd(t)

X
) Ampmeter

5UM 2.14 3923M1530 UazasAUsEnauuguues PDC [14]

1. nyzualwailsgiudu (polarization current)

4 o/ a (3 Y
nszualnanbsdwdulunimguiazesfusznauvaInsshatandlas

=

U9 2.15 FeUsznauaae 3 @1 Ao nIzLan1u1a9iw (capacitive current)

€l

Wunszuwamanduainnszuiunmsinailsdadunisluiiionuiu nselanaun

fio nzwagatu (absorption current) WunszuaiinainAnuiliiives

= o o a v oA °
Tandelleglulaamnuin nssuagainefe nszuanisunlndin (conductance

99 q

< a a ! o [ = [ [ a
current) unszuaniinanAauin e sianddieglulagmnudn

q U q

wilunsuiRnseualnanlsdiwtuninlavsiinsesuasailva (leakage

. 1Y d" QIJ dy a dy QI dy d‘a =) a
current, i) 3uegMIETNTELaI atiinduNdsluleuniiawiuvsolin
31NANNANUINVDIANNKINFONVULIIINTNAADULAEALNANTUINTLLANTT
ilihuaznszuasiluaidunszua i alalumsujus (practical

conduction current, icon(practicat)
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nszudlwanlsdigdu

nszuanIU AN

\\\ nIzuaady

'\
LA / nszuanslnia

nszualnanlsdiwdy (Log scale)

381

U 2.15 asAusznevvenseualnanlsdivdu [14]

nszualnanlsdwtulunimguiaunsadaulanaunisi 1

Oo
) = GVl + el + ()] ()
0

Ao AnugliiimasvIadin (geometric capacitance) Uatingvagaey

AD LSIAUNTELARTIN T IUNITNAZDU

Ao Arrudalninszuansu3ans (pure de conductivity)

b

B ANUBsLRAIAYEIaINIA (permittivity of vacuum)

1

P

1 ady o 6

Ao ANUBsinRAInauvS (relative permittivity) Maatsuau (A 0 3ud)

D

fp Wanduimas (delta function) MARTUIINNISIILTLFUTWTULALUY

v a

yhuitiulalituingnasouiinansusiu
Ao Mendunanevauswedladianmsn (dielectric response function)
2. nyzuanlnanlsdiedu (depolarization current)

nde 1. ilevgndneussiuliiuauiuiazinisdnaasauuiiels
amuiansaeuszqasdng1ad luenauazdszglitihaneluieauiuasia
msdnEsssathgannzunAnounvzlaunslninunnszyih nszuamedsey
(Discharge current) #¥alsvazvinisdmsasiiifuauiuazgnidenin nszua
alwanlsdiudy (depolarization current, iyepo) Fe0afUsEnovveInsEual
Usgnoaunie 2 @1 Ao nszuan1U1gMnAas15a (capacitive discharge
current) unszuaiiindunarasedraiud delidnvurnsruamiiouru
nszuarUdivaanszualnalsfidy unlitansatud warBnnszuani

R ﬂi&Lﬁ@j@%‘L@ﬁ‘Uﬁﬁ] (absorption discharge current) LﬁUﬂizLLaﬁﬁmgq

Tugsusn Weonauluuiug nszuaninanIzhoyanad
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A2DENAFDULASNISNATDU

TuunileSunefeneazidennauiRvasfineg NTUNAGEY YANAFBY 1WITNITNAHEU

N1999NLUUAITNAADY AABAIUTIVALLBIANITVNAADS %qmimamﬁu%gmmq pandu 2

e lawn nMsfnwinuaudinialnirveansavesa Niinaananudu wazn1sfnyinaves

NSLENENINVRLNTAUDIAIINASNAABUNII LN

3.1 A79819VUNAFIULALYANAFBU

Tunisneasail

Y 1

FDYIUNTAUBIAVDIUTENUMT S Tedregrtinsauesangniiundl

Qmamﬁﬁimi’mLLammaJmiwﬁ 3.1 mMuLwIZIU IEC 60641-2 (2004) [16]

M19197 3.1 SeazBenuazAnaNURATasNTaUasaNnldvngou [16]

Testing
ltem Unit Standard Test Result
Method
Thickness Mm 1.38-1.61 1.45-1.60
Density g/cm? 1.0-1.2 1.19
Tensile MD= 100 100.19
MPa
strength CD= 75 76.89
MD> 2.5 3.12
Elongation %
CD=> 3.5 4.05
MD< 0.5 0.43
IEC 60641-2
Shringkage | CD< % 0.7 0.61
(2004)
TD< 5.0 3.51
When tearing one | When tearing one
or several piles or several piles
PLY Bond bursting with bursting with

(testing by eye)

obviously rough
sighs & coming-out

fibers

obviously rough
sighs & coming-out

fibers
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M1319% 3.1 (sid) eazBunlavaauTAvesnsavasantnlinaaeuy

Testing
[tem Unit Standard Test Result
Method
Moisture contents % 6.0 5.6
Ash content< % 0.7 0.32
Conductivity of
mS/m 5.0 3.96
aqueous extract< IEC 60641-2
PH of aqueous (2004)
/ 6.0-9.0 7.1
extract
Oil absorbency> % 11 16.14
Electrical In air 12 13.65
kV/mm
strength In oil> 45 48.42 -

dmsuganaasuinldlunsnagounuandinisiniagldyanaaeuiieanuuuiedn
ausaussiy wezlddmetransaveinle falassadevinainianesasaala danvazdu
71594NTLUBNNAIS Lﬁumuquéﬂmwizmm 20 URLUAT WUN 5 daatuns Usenunuay
aa P U a & 2 [y £ '
avAsaANANLNEY LEafuBantnsaruLssiy kazaung1n
dauyadidnlninf bdluganageus198anunInIgay IEC 60243-1 [15] 1910
noundad lnedianlasaeiusunsaududianlnsansanssuanivaulusal 3 Taains dduy
HIuAUgNaTe 25 + 1 Tafiuns lagai1ugs 25 dadums AUBLANTAIARIUNTIIA VD UL

Sadl 3 fadns ddusiuaudnais 75 = 1 Tadwes uazliannuas 15 Tadwns [15] wanad

'
=

JUT 3.1 uagyANAaUE UM SNAAOUAIAIUAMUABLLTIAULUTNATIULAARIFUT 3.2

a s

JUT 3.1 BLANlATAYANAGBUAIAINUAINLABLTIRLLIUINANILYDUNTAURSA



21

FUN 3.2 YANAOUAIAIINAINUABL I ULUTAA YR INTAUR TN

3.2 NMnneau

nsneaeutugniuseanidy 2 ade fa nsfnwiamauiBmdlwihuensavasa
FBraIINANTY Wayn1sAnyINaeIadetan MRINIaLeSAaINN 13 lA T UAILAT A
el
321 nadnwinuautimsliihveunsavesaiifnaananuty
ﬁ’ﬂ’faiﬂumswmaauqmamﬂ’ﬁmalﬂﬂwaaLWiauai‘mﬁSmwsmumé’w
LOAADS5I TR Ti5e §ZLIA1DUNIALUNFINY AD 0, 8, 16, 24 9 AUy nou
¥ sBumsniunmsaUesadisleaes s TIYIAdrIIsaUINTAURS ANy Lile
AuANUTINaA LT ulumsaveiadudl 3.3 Tunisevazeuiigungd 80 oen
waudea finusiu 200 Saduns w12 dalus ndwihmsBumaniunnsaueie
= = o a P a

AELDEALNDITITNYVIRAIT U‘V] 3.4 BIRENINTBULNWINUAN U 60 a3FLTALTYE 9

Y

AUFU 200 Taduis Wusseznaniiniuue

bl |
Ry

Ui
M| mmu I|| .\.m.h M

I 1H ‘H 1 ‘

l»\ ‘.

gﬂﬁ 3.3 ﬂ'ﬁ"ﬂﬂL'iENL‘W‘iﬁ‘UEJiG]L‘WE]LG]iEJﬁJﬁWMi‘UﬂWiEJQJLWiﬂLUW
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FAITHFUL

(1) MIWTUUBUNTNLUAGILAWIUYEAT (V) InsavesaTignaumsniunlugeu

=

JUN 3.4 MIESEUBUNINLUALNTAUDIANILLOANBTTITUYIA

(2

wndsdnaaeuRandivialiiieeg fail
1) msuedeuAnuAmusslInulninssuaasu (ac breakdown voltage test)
nsnaaeuiidumsageuiomeus wuusnaduaunsauasaisumsn
WARBLEAND55551UIR [WumsnadeumnuamunsLsiulifinsyuaadunels
auli i@ waueidndon Unsedidnlasailsidusunssuuy Unequal
electrode MuNATEIL [EC 602431 dmsunisneadeuil «iesinnsavesay
ANUNANTEVINYRg laauazauIIYa) TaseainsveuYaglaaiininaungy auluman
aunsaunsnduillunuiionnialusaglaalsivneisnistumsniug lunsmagouas

A ulAgNLANTAUDIATNTUNITBNINUALUYANAOY WiABTNAdoURIgy

- X -

6 1 % /
"o =TT DY of

(i

=

(n) IporunsuasuageunnUAmusalswuliiinseLaaauIaLNTaUDIn

.| _ -—— = ® 1. variable voltage transformer (variac)

2: ac high voltage source 100 kV, 50 mA
3: current limiting resister

4: test vessel

5: ac voltage divider 200 kV

6: coaxial cable RG8

~ 7: multimeter

(1) 2995N9ADUNITIAAIAINUAINUABLSIAUINTHNN ST LEAd UV NTEUDSA

SUN 3.5 19957Aa@UANUAINUABLSIAUINANNSEwaRAUVBUNTAUDSA

Y
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2) MITNAFBUAIIUAINUADLIIAUDNNAd WK1 (lightning impulse breakdown

voltage test)

[

TUAISNAABUAINUAINUADLIIAUDUNAAN NIV UNTAUDI AT ALYINNS

PNAADUNILIIFUBUNAEN T IUINLAETIAU TedTURBUNSNAaR U IRl UT Tnaqy

N99999363UTN 3.6

1.

ihiegansavesaiidesnismaaeudsznovasluluyanaaey Taglv
auuaIRElusEAUTNANYBUILIBIYATIAABY 1-2 LIURIIAT
pTvEBUeaneisIINTATIgIMatlugamaaeuiiinlesemavioll dil
TAlFUHAIAULU G UATINDIDINIAZUA
yhmstulleuduiadiivioinsludmaneaaey seduusafugegniitouas
JuausssuiildiAansiusnamivzailoauiy
yinstuiindussiudiuiadinsnusnantneuldaneeataladlay
dloauiumarildnageuiinnisiusnarniudalivinianmua syl
favmainanuayeaAT U iR uganAdaULa B nIasaitldlunis
yiadou Antusinyaneaeuiialiuszana 4-5 wf

o o P 5 A o Y] a Iy
NIVUNBUN 3-5 %1 IUﬂiﬂJN@ubLsUﬂ']iVlfﬂﬁa‘ULWN@‘Nﬂu Lwaiﬁylﬂﬂ']

LSIAUBUNAFUTAAIUIIUIU 6 AN Bt uIALRAgss U

Impulse  High Voltage
Generator System Divider

N\ )] |

Test Vessel

System
Oscilloscope| !
- T " _| v
(n) 1@@8LLﬂi%J’N’«J‘iV]ﬂﬁEJULLN@\JuﬁWB\J‘W‘US\‘iLWiﬂU@%GW

g

|
|
|
= |
y

1: transformer 100 kV 10kVA
2: impulse generator

3: high voltage divider

4: capacitive voltage divider

5: test cell

%

(V) ATNAFDULTIHUN N1V AN TAUDIA

JUN 3.6 2A5VAARUNITINAIANNAIURBUSIUBNTRdTITa N AUR SR
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3)  nsvedeunsinaInszualnalsdiety wasnszuanlnailsdisdu (PDC)
Tudiurasnmsiadinszualnailsdiedunaznssuaiinarlsdidudiduns
npaeuisustuliinszuansaussfusi lunsmeaeunuuliivhatsanmauiu
uvesauIunagey Tagansavnisnaaeuldvisluiesujiinsuasnaaey
npauy Helivaaevauiuvesgunsalluiliuges
Gqmwmaaué’m%’umﬁmaauﬁgﬂaaﬂqummmmqgm JIs (C2111) ﬁqgm‘?‘i
3.7 woldlunisnaaounsianszualwatlsdiatunasnszuadinanlsdiedu g
LssfUnsELARTIaEgnteu wazInAINILIATEY PDC-Analyzer #agUTl 3.8 1A21995

nyinnsskalnalsdiatuiasnsvuaninanlsdiudunanadaguin 3.9

1R

y s &' ‘
‘ o e

=

— —

3U# 3.8 1A389 PDC-Analyzer Milddmiuindnszuavosnsauaso



Voltage
electrode

Pressboard VN

N\
Current
electrode

Ampmeter

U(t)=Uod(t)
Polarization
Jiots ltot /current measurement
TP
Period of L.
polarization | Depolarization

current measurement

(n) lnozwnsy wazeInUsznauugIuves PDC

(9) MASNITINAINTL LA

1: PDC-Analyzer

2: test vessel

JUN 3.9 2asmisindnszualnanlsdiatunaznssianinanlsdiudu

nsrvIumMIMyinAnselalnalsdigtulaznizuanlnanlsdiudugnuus

oy 3 TuROU ALl

Initial process \utuneunsinAnssuanandsegluauauiiinmsfinm

25

Control process \JuUdunauN1In5@0UTTUULAEANTUDULTIAUNTLWARNTS

50 Taan Wuan 5 Juni Auauaunvinnisneasuiiiainanseialnailsd ey

Y = v = & o P Y Ao &
LLa3(51@'Nf\]5LWEﬂﬁﬂigLLa@IWﬁqVLEGULGUGUUQUQ\‘]ﬂ’]ﬂigLLa@]ﬂﬁqﬁﬂjﬂlgﬂusﬂu@@uuiﬂ

a o

ethlU3tadenaantfenuduauiuvesawiulagazriinisvegeulaenisleu

Main process tudunaunisinnssualnanlsdidu waznszualnanlsdioduy

LIIAUNTELARTI 300 12891 WK 1100 Fu9 tietansewalnanlsdedunasann

YUARI9ATIZUU WU 1100 U9 #39UNI1EDIAINTERANNANN IR LAt LT UMDY

wsn Wadansewanilnanlsdwdu
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322  AsdnwRavesnsdenan mveansauainannslesuaadeamnslnin
Pidaidunisinainsrualnanlsdwdunagnszuad lnanlsdwduvasnsa

vodangansladuauedoanaluiinged

1) AM5iAA1 PDC Uadnsauasaraiann1snageuwssuliinssuagau
nsveaeuiiasynsteunsiunsruaadulifusegansavesaiisumsn

lAFIBLeALADT5ITIMAILANNSIUINANY FansnaaeugniuazaIuauaels

[

anmyideuluviemnaey A1gUNYH 32.8 °C, ALTUEINS 66.2 ppmM LAYAIIUGU
ussEnne 758 mmHe Tneseaziuntuneuntsnaaesiisai
1. fnseumsaueialiiolaruty LasNsnIUnSBLALRBS55TUTR
W 0, 8, 16 uaz 24 Talugauandiv
2 ﬁwﬁ’aaéwuwaauaémﬁgﬂﬁmLWSﬂLum’hmamma%ﬁﬁmwa'ﬁ'ﬁwznm@mq
117nsteuusnulnihnsyuassduaninnsiusAnILL
3. dlevnisvedeuiusnaniinssuaaduiasedu vishegansaueiniity
wwinnsiaanselalnanlsddunasnssuaninalsog Ty
4. vhmstuiindnszua wazgunswlitetsniingz
5. vngouslutideit 2-4 fumsaueinTisunsniundeszaznaEee
6. vnansnagevlundaznsdiunlIouiioy wazinssinadilaainnig

NegU

2) AN5IAAY PDC Y90 NSaUDIANAIINATNAZDULIIAUDUNAANINN
‘:91) o U ] Y v C% 1 6 -'-N'Q
ANSNA@DULILNINSU UL TIAUR KA UA IDLINNTAUDS AT DULNT NLUR

MELRANESEIINYIRIUAANITUINANIY Bsn1snaaeugniuazatuauneldeuly

(2
[

Vowaaey gumnall 31.6 °C, ANUTUFUINS 65.0 ppm WAXAIUAUUTIEINIA 758

N v

mmHg 1Aes1Uazldenn15naeieaal
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YNNTDUNTAUDS AN D EAINUTY WALBUWNSNLUANILLDAMBTSITUYRA

1.
YU 0, 8, 16 way 24 Flusanuansy

2. hdegransavesaiignduwiniuniiszziiaiaigg uvinsdou
LSIAUBNNAENINIAUAANITUTNANIY

3. lovhnmsvadeuussiuduiadiinsiadedy thinegrunsaveiatiuunii
nmsiaAnselalnanlsddunasnseuaninalsdety

4. YmstufinAinszua uazgunswiiievianiiases

5. agousludedl 2-4 fumsaueiaisunsniundieszezanmee

6. twanismagevlundaznsdiunUSeuliiey wasiinsieinadilaainnig
NAgU

3) N159MA7 PDC WS AUDIANAIIINNITINADINISNAREYITIUIIEIY

nsnageuilaginnisnageulngnistounsenunssuaaau 23 kv 1Junan 1

F339 LTI IAARAYITIUNEIUVOUNTAUDIA JULUU internal discharge &4

nsnaaeugnyikazaluAuneldReuluiomaaey aaumgl 32 °C, ANuTUduIMG

64.8 ppm LaZAINALUTTHINIA 758 mmHg lagsieasidunn1nnaediingl

1.

[

¥nIsoUmsaUosmiialdnIuTY 1aL BN LA BLDANBITSIUTNR
Y 0, 8, 16 WAz 24 Falugmuasiv
ﬁﬁﬁ'ﬁasj’mLWiﬁU@%@ﬁgﬂauLWimumﬁiwznawi’m6] 11vInsUD LTI
szuady 23 kv 1unan 1 4910 tiediassnisiinnasnsauisdily
AUIUNAFDU

ensuaniifnue Yisaeg1ansauesatuuiinsaanssua
Inanlstwduuasnsenanwailsdigdu

yhmstufinAinszua wazgunsviiternaniieses

negeuTluted 2-4 FUNTAUDSATI BN NIRRT IETTETIA AN
dmantsnaaevlunsasnsdunlsouiiou wazdasizinadilaainns

Negau



unii 4
NaN1SNAEaU

Tuuniluannanisnageuiignuuseandu 2 ade Ao nsfnwinuauUAniglnih
YDUNTAUBIAMITNAIINANNYY UaEN1IANYIHAYDINITHDUVBANTAU DTAAINNITNAABY

19bain

¥
=]

4.1 msenwauandAniniivewnsauasaniinaanAuT

aa

newrhMmageuagyiMTinAIAUTUYeLeaInessITUIR NgNIANAsluYANAaey

ednaesan mmsavesaaiousdluniouvat uaslosiuussiuandidninsasiunssiuiin

NUINlUERasnee Nlifaants Arenuruninlinansfsnisei 4.1

A15199 4.1 AANNTUILLD AWM BSTITUTR

A USUIuAUAIY (ppm)
yHAAUIURAY — - —
NBUKIUNIZUIUNIINAGDU | NAINIUNIZTUIUNI VNGB
LOALMDIITINTIA 243 180

4.1.1 msnageunLamuRauwssuliinszuagay (AC breakdown voltage test)
HANITNAFD UL SIAUUINANIUANLINTIFIU IEC 60243-1 (2013) V03010 19LN 5

UDSANDUWSNLUAAIELOFALADSTIIUYIF LARIAINISIIN 4.2

nl' 1 ! U % s
A15197 4.2 mAuamusolssnulnvinszuadsuTe L NTaUasA

53&1&')6’1114 5’114’]uﬂ%\1ﬂ’151/|ﬂﬂaU
NNTDULNINLUA Aade
A8LRHLADS 1 2 3 i 5 6 (kV)
5ITUYA
laleBauwsniun | 213 | 204 | 202 | 220 | 215 | 207 21.02
8 Hlua 516 | 504 | 523 | 517 | 513 | 525 51.63
16 Falus 682 | 654 | 661 | 657 | 680 | 51.4 66.68
24 1l 674 | 669 | 681 | 683 | 678 | 67.0 67.58
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4.1.2 NMSNAFDUAIUAINUR BUTIAUBNNad W81 (Lightning impulse breakdown
voltage test)

ASNAADULILYINNITNAZDUTAAIALAINUADLSIAUDUNAANINIITIVINWALVIAU

(%
v A

YDWNTAUDIATNDUNTNLUANIYLDFLHDITTTIUVNRAIT
1. WSIPUBUNAadNIH1IUIN
NSNAFDUANUAINUADLIIAUDUNAFNIHITIUINVDUNTAUDS AT DN NLUARAQE

LOALMDITIIUVIR LANININITIN 4.3

A157197 4.3 ANANUANNUABDLIIAUDUNAF NNV IUINVDUNTAUDS AT DULNTNLUAA LD

ALMOITIINVIA
32UZLIAIUNITDULNINLUA SruaupsInsnagey Aady
AIYLDELNDSSITUYIA 1 2 3 4 5 6 (kV,)
Talledawsnium 417 | 463 | 421 | 421 | 425 | 425 | 4287
8 SEJLUIZN 109.2 | 1075 | 99.2 | 101.7 | 112.5 | 106.2 | 106.05
16 GBL'JIM\T 117.1 | 121.1 | 1153 | 120.2 | 113.7 | 1184 | 117.63
24 slqu’ﬂ%‘i 1205 | 120.5 | 110.7 | 119.3 | 121.3 | 1155 | 11797

2. wseuduNadnieNTIau
ANSNAFDUANUAINUADLIINUDUNAFNNITIA UV INTAUDS ATNDULNT L UAALE

LOALMDIDITUINR UAASAIAII1IN 4.4

A5199 4.4 ANANUAINUADLIIFUDUNAATINITIA UV IWTAUDI AT DULNT NLUAN LD LA DS

FITUYR
szama'ﬂun'ﬁ%mwm,um 5W1J’J1Jﬂ%\‘]ﬂ’]i1/lﬂﬁ'€]U ﬂ'ﬁmgﬂ
ARBLDELADSTITUYIR 1 2 3 4 5 6 (kV,)
Tailaamwsniun 421 | 425 | 430 | 446 | 40.1 | 452 | 42.92
8 Hlu 108.3 | 101.7 | 107.4 | 100.5 | 99.7 | 100.5 | 103.01
16 Falus 116.5 | 120.3 | 110.7 | 119.3 [ 117.1 | 1155 | 116.57

2458&2]1%& 120.5 | 1213 | 1155 | 1174 | 110.2 | 119.6 | 117.42
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4.1.3 nsnadeunsehalnailsdiwtulagnsyuad inailsdiwdy (Polarization and
depolarization current measurement)

nan15inanszualnanlsfwtunaznszuamnanlsdiaturounsavasaiisunsniun
FIBLOAADSSITUIR STEIAIUIU 0, 8, 16 WAz 24 F2lusnny gmmmvﬁ’qgﬂﬁ' 4.1-4.4
AIUAIAU

nseualnan st tuwarnsehantnailstmturawnsauasafluladuLns nius

PDC of Non impregnated pressboard

. Polarization current

PDC (A)

. Depolarization current

1 10 100 1000
Time (s)

5U#1 4.1 PDC veamsauasanlilidumsniunmieiaanessssuyii

nsehalnan LSO TULa LN SELARLNAN ST TUYDUNTAUDSANDILWIALUSA UTY 8 F2lal

PDC of 8 hours impregnated pressboard

. Polarization current

PDC (A)
)

. Depolarization current

1 10 100 1000
Time (s)

JUN 4.2 PDC Y8ansauUaIATIduinsniuAMeleanessssuya wiu 8 Talus



NzLalnan LSBT ULAEN TS AR LNAT b T TUYDUNTAUDSANDULNTNLUA YUY 16 T2lal

31

PDC (A)

10°
107
10°
10°

10

PDC of 16 hours impregnated pressboard

1 10 100 1000

Time (s)

. Polarization current

. Depolarization current

JUN 4.3 PDC YR NTAUDIANIBUINSNIUAMELBAMBITINYIA w1l 16 Talus

NSEANAN LT TULAYNTE AR NN ST YUY D BN AUDSANBULNTNLUS U1U 24 213

PDC (A)

PDC of 24 hours impregnated pressboard

Time (s)

. Polarization current

. Depolarization current

SUN
U

4.4 PDC YDA NSAUDSANDUNI NLUAABOEMNDISIIUTG UU 24 Tal39
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4.2 AISANEINAVDINISEBUANINVBINSAUDIARINNITNAGBUNIS IR
4.2.1 MmyinAnseualnanlsdiotunasnssuanlnanlsdwturs L nsaunsana1ain
Tasuanumsgamalniussaulniinssuasdu
nan15inanszualnanlsfwtunaznszuamnanlsdiaturounsavasaiidumnsniun

MILLDAMDTTITUYIR T28LIAUIU 0, 8, 16 Uy 24 F3UIRU UAAIRIIUN 4.5-4.8 AUAGY

nseualnan st tunarnsehantnailstmturaLnsauasafluladuLns nius

PDC of Non impregnated pressboard

. Polarization current

PDC (A)

. Depolarization current

Time (s)

U 4.5 PDC veunsauasanluladumsniunimigioamnessssuyii

nszualnan LT ULAZN TS AR LNAT b5 T TUYDINTAUDS AN DLW NLUS U1Y 8 T2Lal

PDC of 8 hours impregnated pressboard

. Polarization current

PDC (A)

. Depolarization current

1 10 100 1000
Time (s)

JUN 4.6 PDC YBanIaUDIATIDMNINIUAMELBANESETINYA Wl 8 Talu



NzLalnan LSBT ULAEN TS AR LNAT b T TUYDUNTAUDSANDULNTNLUA YUY 16 T2lal
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PDC (A)

10°
107
10°
10°

10

PDC of 16 hours impregnated pressboard

1 10 100 1000

Time (s)

. Polarization current

. Depolarization current

JUN 4.7 PDC YRansaUDIANIENINSNIUAMELaAmMBITNYIR w1l 16 Talu

NSEANAN LT TULAYNTE AR NN ST YUY D BN AUDSANBULNTNLUS U1U 24 213

PDC (A)

PDC of 24 hours impregnated pressboard

1 10 100 1000

Time (s)

. Polarization current

. Depolarization current

SUN
U

4.8 PDC UDUNSAUDSANDUNI NLUAABLOEMDISIIUYG UY 24 Ta3g
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v 1

4.2.2 nsTnAnsehalnanlsd it unasnsehan nan ls T UV INTAUDSANAIIN

a v 6

NSNAABULTINUBNNAAT WY

NANISIAAINSELALNAN LSBT ULALNTLLAR LNAN LT TUVD NS AUDS AT DULWTNLUA

a

AIBLOANDSTITUYIF T2ULLIAWIU 0, 8, 16 wag 24 Faluen U QALAAIAIFUN 4.9-4.12

U
ANUAINU

nseualnan st tuwarnsehantnailstmturawnsauasafluladuLns nius

PDC of Non impregnated pressboard

. Polarization current

PDC (A)

. Depolarization current

Time (s)

JUN 4.9 PDC voamsauaiaililadinsniuniigioainassssuyia

nsehalnan LSO TULALN TS LA INAN ST TUVDINTAUDSANDILNSALUS UIY 8 F2lal

PDC of 8 hours impregnated pressboard

. Polarization current

PDC (A)

. Depolarization current

1 10 100 1000
Time (s)

U 4.10 PDC ¥04N5aURIANBUNINIUAMEIDANDIETTUYIA UL 8 Falus



NzLalnan LSBT ULAEN TS AR LNAT b T TUYDUNTAUDSANDULNTNLUA YUY 16 T2lal
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10°

10"
SO
U 10
[a)]
a

10°

10

PDC of 16 hours impregnated pressboard

10 100 1000
Time (s)

. Polarization current

. Depolarization current

5U# 4.11 PDC 904n5auainduinsniunaIgleatnassssuyd uiu 16 Tl

NSEANAN LT TULAYNTE AR NN ST YUY D BN AUDSANBULNTNLUS U1U 24 213

PDC (A)

PDC of 24 hours impregnated pressboard

Time (s)

. Polarization current

. Depolarization current

5UN 4.12 PDC 204NW5auainIduinsniuniigloanessssuss uiu 24 Falas

4.2.3 N15TAAINTELALNA ST T ULAENTEWAR LNAT LTI TUVDUNTAUDIANAIRIN

N1531809N1SLNARAYISAUEIUY

NANISIAANNSEhAlNAN LSt URaENSEhaR I naT bsTTUD NS AUDS AT

a

BULNINLUG

AILOAMDSTITUYIA TEEELIAUIU 0, 8, 16 Uay 24 TILUINY WAAIRITUN 4.13-4.15

AUAIAU
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nszualwanlsdtuwarnsehaninalstmturasnsauasanluladusns nius

ldanunsadaainseunalnanlsdatulaznsehan nabs s tuveInISANYINTML Lo
H999INTENINNISNAADUAAVISAUNNEIU FIDE1UNTAUDIAUDSANANISIUTNANIUTENING
A15ULIAN LLBINNTAUDSALANUTULNN

Nzhkalnan LSBT ULAEN TS LAR INAT ST TUVDUNTAUDSANDILNINLUS YUY 8 F2lal

PDC of 8 hours impregnated pressboard

. Polarization current

PDC (A)

. Depolarization current

1 10 100 1000
Time (s)

U 4.13 PDC 304N5aURIANBUNSNLUAMBIOAMBITITUYIFR UL 8 Talus

n3zhalnan | ST ULA SN TS LAR I NAT S DY TUYDUANTAUDSANDULNIALUS UTY 16 F2La

PDC of 16 hours impregnated pressboard

10° - - — ===
10"

S/ 10 . Polarization current

g . Depolarization current
10”

1 10 100 1000
Time (s)

U 4.14 PDC Y04N5aURIANIBUMNINLUAAILLOANDTETTUYIR U 16 TIluS



nzLkalnan LS T ULAEN TS LAR LNAT b T TUYDUNTAUDSANDULNTNLUA YUY 24 T2lal
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PDC (A)

PDC of 24 hours impregnated pressboard

10°
10" f——o

8
10 B Polarization current
10° . Depolarization current
10"°
10711

1 10 100 1000
Time (s)

5UN 4.15 PDC 904n5auainfduinsniunalgleatnassssuyi ui 24 Falas
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ATUNANITNAADILASUBLEUDLUY

5.1 d@3unanimaagg

1%
v

lutdeiiandunsasunamsnaaesnmamaaey 2 Fte dedl
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Abstract—This paper represents the polarization and
depolarization current (PDC) characteristics of natural ester
impregnated pressboards with different impregnarion period.
The presshoard specimen were prepared as a rectangular shape
(the length and the width are 120 mm as well) and thickness
dimension of the pressboard in the experiment was
approximately 1.6 mm. The pressboards were dried up in the
vacuum oven with temperamre at 30°C for 12 hours under 200
mbar pressure. In addition, these presshoards were divided into
3 groups according to the impregnation periods. The 1% group,
the presshoard was non-impregnated with natural ester. The 222
and 3™ group, the presshoards were impregnated at 60°C for 8
and 16 hours, respectively, under 200 mbar pressure-controlled
condition. The plane-plane elecirodes inserted with the specified
number of the presshoard specimens were prepared. These
electrodes were installed in the rest cell filled with the narural
ester. A 24 kV AC Voltage was applied to the test cell for 3
months. At the end of the first month, half of the presshoard
samples was token from the test cells. Then, the PDC
characteristics of these natural ester impregnated pressboards
were investigated. At the end of the third month, another half of
the presshoard samples was token from the test cells to perform
PDC measurement also. It was found that the PDC values of the
presshoards with longer period imprecnarion process were
lower than these of the presshoards with longer period
impregnation process. Besides, the PDC values of the
presshoards experienced with longer electric field stress period
(3 months) were higher than these of the presshoards
experienced with shorter electric field stress period (1 month).

Keywords—natural  esfer,  fmpregnafion,  pressboard,
polarization and depolarization current
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I INTRODUCTION

In electrical power transmussion and distribution system, a
transformer 15 important equipment that used to transform
voltage and current. Insulation 1s the majority component in
transformers which is indicate the age of transformers. The
msulation system consists of two major msulation 1.e., solid
and liquid insulation that can be deteriorates over time by
many factors. The msulation integrity of transformers can be
analyzed by wvanous techmoques. Polarization and
depolarization current (PDC) measurement 1s the one of the
test methods providing the information of msulation
condition.

In the 1990s, the PDC test techmique 1s populanty method
as it can estimate the condition of oil and paper separately
without opening the transformer tank [1].

The ponciple of PDC measurement 1s based on the
prolonged application of the Vpc (Direct current voltage)
across the test object. While testing. the current ansing from
the activation of the polanization process with different time
constants corresponding to different insulation materials and
due to the conductivity of the test object. 1s measured. After
completing the polarization process, open circuit, and then the
test object is discharged to earth. This process call “the
depolarization process”. Both the cuments depend on the
qualification of the msulating material same as by the
geometric structure of the insulation system [2].

In this paper. the PDC measurement is used to examune the
PDC charactenstics of the natural ester impregnated
pressboard specimen mmpregnated with vanous duration.



II. RELATED THEQRIES

A. The PDC Measurement

PDC measurement 1s one of the analysis test methods used
to assess the dielectnic properties of an insulating matenals
degraded by moisture content in the msulation, electrical
stress. mechanical stress, thermal stress. and contamination in
the insulation [2].

The polarization current (7)) exists when the DC voltage
source 1s applied to the pressboard. Whereas the
depolarization cutrent (ideer) 15 detected when the pressboard
is shorted circuit The polarization current consists of
conduction and absorption current including capacitive

current. The magmtude of absorption current and
depolanzation current 1s equal but have opposite polarity.
tpor(t) = CoVefg! + E8(8) + ()] (1)

Where Coisthe geometric capacitance of test object
T% is the applied step voltage
£ is permittivity of free space (8.85% 107 Fim)
op 15 DC conductivity
£ 15 the high frequency component of the permittivity

S(f)is the delta function arising from the applied step voltage
immediately following { =0

A1) 1s the dielectric response function
In equation (1), 1t can be divided in to 3 terms. The 1 term
is conductivity of msulation. The 2° term is practically
impossible measured because of the large dynamic range of
current amplitudes inherent “fast polanzation process™.
Finally, the 3™ term 1s the remaming “slow polarization
process” [3.4].

lgepar(t) = =G [f (1) — ft = T.)] @
Where Cp1s the geometnic capacitance of test object
V: 15 the applied step voltage
T} 15 the time duration when the step voltage was applied.
A1) 15 the dielectric response function

Ai-T¢) 15 the dielectric response function in depolarization
process

In equation (2), the depolarization current 1s the relaxation
of polanzation.

The conduction current (ieym) occurs nommally i the

iumperfection insulation and it is enlarged by contaminant
and'or dirt on the insulation surface. However, contaminant
and'or dirt does not affect the mnsulation texture. The
conduction current only exisis when applied DC voltage
source and has a constant magnitude [3].

Toon = Cuvn[fg—:] 3)
Where Cjpis the geometric capacitance of test object
Vg 1s the applied voltage when fry has a constant magnitude
op 1s DC conductivity
£y 1s permittivity of free space (8.85x 1012 F/m)

B. Qil Impregnated Pressboard

1l impregnated pressboard that consists of ligud
insulation (natural ester) and solid insulation (insulating
paper) forms a kind of composite insulation pattern which 1is
the major insulation material in the electrical equipment due
to high insulation performance compared with other single
type msulation. Pressboards are used to be electrical msulation
and support the mechamcal force occurnng i the
transformers [5].

IT. EXPERIMENTAL DETAILS

The PDC experiment was performed to investigate the
PDC characteristics of the impregnated pressboards by using
the PDC Analyzer 1 MOD.

A. Test Vessel

The test wvessel for this expenment i1s shown i
Fig. 1. This electrode can be used for measuring the dielectnic
dissipation factor or so-called loss tangent and the permittivity
of the non-impregnated pressboards and the natural ester
impregnated presshoard according to JIS (C2111) standard.
This test wessel was designed and constructed to prevent
moisture mgress from the surrounding environment.

Fig_ 1. The test vessel for solid insulation testing.

B. PDC Measurement

For PDC measurement, a 300 DC voltage was applied to
test ahject for 1100 seconds Firstly, the DC source was
switched on. the polanzation current passing though the
presshoard was measured. After completed this process, the
DC source was switched off and the pressboard specimen was
shorted circust then the depolanzation current from the
pressboard was measured. The depolanzation current
continuously decreased until steady state approaching. The
principle of PDC method and the equivalent circuit for PDC
measurement are illustrated in Fig. 2.

T, = Period of polarization

(L]

Fig. 2. PDC measurement (a) the PDC measurement circuit and (b) the
principle of PDC.

The PDC measurement circuit for natural ester
impregnated presshoard experiment 1s illustrated m Fig 3.



Fig. 3. The PDC measurement for natural ester impregnated pressboard.

PDC measurement was divided into 3 processes as
follows:

* TInitial process: it 1s only remaining cumrent
measurement from the test object in order to ascertain
the amount of any remaining current inside the test
object.

+ Control process: this process 15 to examine the
measurement system by applying a 50 DC Voltage in
test carcuit for 5 seconds to test object for measnnng
ipor. Next, short circuit the test object for measuning
idgpor UMl fdegpei Was as remaining current from initial
Pprocess.

+ Main process: this process investigate the dielectric
characteristics of natural ester  impregnated
pressboards by applying a 300 DC voltage (charging
voltage) to the test object for 1100 seconds (charging
period) and shorting circuit the pressboard for 1100
seconds (discharging period). The control program
will perform charge and discharge sequentially 1n
accordance with the specified time setting.

The examples of the pressboard specimens are illustrated
in Fig 4.

(a) (b)

Fig. 4. The examples of the pressboards experienced with the stressed
voltage of 24 kV for (a) 1 month and (b) 3 months.

C. Test Procedures

There were 6 experiments according to impregnation
penod (no-impregnation. 8 hour impregnation period and 16
hour impregnation period ) and electric field stress period
(1 and 3 months). Before the PDC measurement was
performed. Impregnated pressboards were prepared as
follows:

e First. heating the pressboards with temperature at 80°C
for 12 hours under 200 mbar pressure for removing the
moisture within the pressboards.

e Second, fulfilling the pressboard with the prepared
natural ester and heating them with temperature at

60°C for 0, 8, and 16 hours respectively under 200
mbar pressure.

* Third, applying the electnc field stress to the
pressboards within the test cell by which a AC 24 kV
was applied to the electrodes having the pressboard
samples 1 between.

# Next, at the end of the first month half of the
pressboard samples was token from the test cells.

* After that, installing the pressboard specimen in the
test vessel as shown mn Fig. 1.

+ Then, performing the PDC measurement.

# Finally, at the end of the third month, another half of
the pressboard samples was token from the test cells to
perform PDC measurement as well.

The conditions of natural ester impregnated pressboards
for the PDC measurement 1s shown 1n Table I

TABLEL THE CONDITIONS OF NATURAL ESTER IMDPREGNATED
PrEssBOARDS FOR PDC MEASUREMENT
Condition
Order - -
Impregnation (hours) Electrie ﬁrg:::: duration
1 0 1
3 i 3
3 1
8
4 3
5 1
16
6 3

IV. EXPERTMENTAL RUSULTS

The measured polanization and depolarization current are
plotted in a log-log scale as illustrated 1n Figs. 5- 7.

The resistance and capacitance of the test specimens are
shown 1n Table II. The resistance and capacitance values were
calculated based on the PDC test results.

TABLEIL PDC TesT RESULTS OF IMPREGNATED PRESSBOARD
Parameters
Aging | Impregnation Resistance i

(month) (hour) (0] Capacitance

[pFj]

Pol Depol

0 2.24x101 | 2.14x101 136

1 8 2.51x101 | 2.46x101 136

16 2.88x10% | 2.82x10% 135

0 1.96x10" | 1.86x101 135

3 8 2.04x10" | 1.98x101 136

16 2.12x10% | 2.06x10% 135
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Fig. 7. The comparison of the polanization and depelarization currents of the
1 and 3 month electric field stress-impregnated presshoard samples..
According to Fig. 5-7_ 1t can be seen that the PDC value of
non-impregnated pressboard 1s the highest. When increasing
the impregnation of the pressboards, the PDC values of such
presshoards decrease. It can be seen that impregnation for 16
hours causes the lowest PDC value. Besides, the PDC values
of the pressboards experienced with longer electric field stress
perniod (3 months) were higher than these of the pressboards
expenienced with shorter electric field stress period (1 month).

V. CONCLUSION

According to the test result, the polarization current and
depolarization current of impregnated pressboards directly
depends on the mmpregnation penods and the electnic field
stress duration. decrease when increasing the period of
impregnation The moisture confent greatly affects to the
polanzation and depolanzation cumrent of pressboard.

Likewise, the aging with 24 k'V to pressboard affects to the
polanzation and depolanzation curmrent of pressboard follow
asFig 7.
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Abstract—The paper represents AC and lightning impulse
(positive and negative impulse) breakdown voltage
characteristics of natural ester impregnated pressboards with
different impregnation period. The pressboard specimen was
prepared as a rectangular shape (the length and the width are
120 mm as well) and thickness dimension of the pressboard in
the experiment was approximately 1.6 mm. The pressboards
were dried up in the vacuum oven with temperature at 80°C for
12 hours under 200 mbar pressure. In addition, these
pressboards were divided into 3-group according to the
impregnation periods. The 1 group, the pressboards were
impregnated with natural ester at 60°C for 8 hours under 200
mbar pressure. The 2* and 3™ group, the presshoards were
impregnated at 60°C for 16 and 24 hours, respectively, under
200 mbar pressure-controlled conditions. The plane-plane
electrodes inserted with the specified number of the pressboard
specimens were prepared. These electrodes were installed in the
test cell filled with the natural ester. A 24 KV AC Voltage was
applied to the test cell for 3 months. At the end of the first month,
half of the pressboard samples was token from the test cells.
Then, the AC breakdown voltage and impulse breakdown
voltage characteristics of the impregnated pressboard were
investigated in accordance with IEC 60243-1 and IEC 60243-3,
respectively. At the end of the third month, another half of the
pressboard samples was token from the test cells to perform AC
and lightning impulse breakdown voltage test also. From the test
results, all pressboards which are impregnated for a long period
provided higher AC breakdown veltage than the pressboard
which are impregnated for a short period. In the other hand, the
impulse breakdown voltage values of each condition are not very
different. Obviously, the period for impregnation significantly
affects the AC breakdown characteristic of the natural ester
impregnated pressboard. On the otherwise, it is not affecting the
impulse breakdown characteristic of the mnatural ester
impregnated presshoard.

Keywords—AC breakdown voltage, impulse breakdown
voltage, impregnated pressboard, natural ester

I. INTRODUCTION

In electrical power transmission and distribution system. a
transformer is an important equipment that used to transform
voltage and current. The main functions of liquid insulation
work as a heat transfer medium and an electrical insulation.
The majority insulation in the transformer consists of solid
insulation (pressboard) and liquid insulation such as mineral
oil. natural ester, or silicone oil. The most normally used liquid
insulation in transformers is mineral oil because it has good
properties and low cost. Nowadays, natural ester is the
alternative liquid insulation that has some advantage points
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than mineral oil due to its can be resistant to meisture, highly
flammable, easily decomposed, and prolong of pressboard [1-3].

Solid insulation or impregnated pressboards in
transformers supports the mechanical forces and commonly
used between transformer windings as oil barriers for breaking
up large oil gaps.

In this paper. AC and impulse breakdown voltage test are
performed to examine the electrical properties of natural ester
impregnated pressboard used in a transformer.

II. RELATED THEORIES

A. Natural Ester Properties

Natural ester is liquid insulation produced from oil which
extracted from grain introduced to be used in the transformers.
The structure of natural ester is based on 3 glycerol backbones
which naturally occurring fatty acid are bonded combined
from “esterification reaction™. Natural ester has been used as
alternative liquid insulation in transformer.

B. Oil Impregnated Pressboard

Oil impregnated pressboard that consists of liquid
insulation (natural ester) and solid insulation (pressboard.
craft paper) forms a kind of composite insulation patterns. It
is the major insulating material in the electrical equipment due
to its increase insulation performance. Pressboard is used to
be electrical insulation and supports the mechanical force [4].

C. AC Breakdown Voltage Test

AC breakdown voltage test is one of the destructive tests used
to examine the properties of insulation. According to IEC
60243-1, this method is determining the short time electric
strength of impregnated pressboard or solid insulation
material at frequency between 48 — 62 Hz [5].

D. Lightning Impulse Breakdown Voltage Test

Impulse breakdown voltage accordance with IEC 60243-
3 1is determining the electric strength of impregnated
pressboard or solid insulation material under 1.2/50 ps
impulse voltage strength [6]. For the lightning impulse voltage
*1.2/50", 1.2 ps is a front time (permissible deviation +
30%) and 50 ps is a time to half-value (permissible tolerance
+ 20%).

IT1. TEST SAMPLE PREPARATION AND TEST PROCEDURE

This part consists of three main parts. First. the test
sample preparation and test procedure will be explained.
Second. AC breakdown strength testing of pressboard



impregnated with natural ester according to IEC 60243-1 [5]
is shown in Fig. 4. Third, impulse breakdown voltage testing
of pressboard impregnated with natural ester according to
TEC 60243-3 is shown in Fig. 5. In case impulse breakdown
voltage testing, positive impulse and negative impulse
breakdown voltage were tested [6].

A. Test Sample Preparation and Test Procedure

There were 8 experiments according to impregnation
period (no-impregnation, 8 hours impregnation period, 16
hours impregnation period and 24 hours impregnation period)
and electric field stress period (1 and 3 months). Before the
AC and lightning impulse breakdown voltage test were
performed, impregnated pressboards were prepared as
follows:

e First, heating the pressboards with temperature at 80°C
for 12 hours under 200 mbar pressure for removing the
moisture within the pressboard.

* Second, fulfilling the pressboard with the prepared
natural ester and heating with temperature at 60°C for

0, 8, 16, and 24 hours respectively under 200 mbar
pressure.

e Third, applying the electric field stress fo the
pressboards within the test cell by which a AC 24 kV
was applied to the electrodes having the pressboard
samples in between.

e Next, at the end of the first month, half of the
pressboard samples were taken from the test cells.

* After that, installing the pressboard specimen in the
test cell.

e Then. performing AC and
breakdown voltage test.

lightning - impulse

e Finally, at the end of the third month, another half of
the pressboard samples was taken from the test cells to
perform AC and lightning impulse breakdown voltage
test as well.

The test cell is full-filled with natural ester to simulate the
same condition of pressboard as the inside of the transformer
and prevent flash over along with the pressboard surface.

The conditions of the pressboard impregnated with natural
ester are shown in TABLE 1.

TABLEL THE CONDITION OF NATURAL ESTER IMPREGNATED
PRESSBOARD
Condition
Order : -
Impregnation (hours) Efermrﬁ:ﬁf:]m;s duration
1 0
2 8
1
3 16
4 24
5 0
6 8
3
7 16
8 24

The examples of the pressboards experienced with the
electric field stress of an AC 24 KV are shown in Fig. 1.

(@) (b)
Fig. 1. The examples of the pressboards experienced with the stress voltage

of 24 kV for (a) 1 month and (b) 3 months.

B. AC Breakdown Voltage Test

This method investigates the AC breakdown voltage
characteristics of natural ester impregnated pressboard and use
the electrode system that is designed and constructed in
accordance with TEC 60243-1 as illustrated in Fig. 2 [5].

1F |“l

b 2 Nawcal Ester
o N Electrode
- Pressboard
— Electrode
=S
l —] ) Structure

B B

Fig. 2. Test cell for breakdown testing of natural ester impregnated
pressboard.

The dimension of electrode, according to IEC 60243-1, is
shown in Fig. 3.

Yy
@15
_ g ¥
__ Typical electrode
: : ; support
8 @75 =

Fig. 3. The dimension of electrode according to IEC 60243-1 (Unequal
electrodes).

The testing circuit diagram is presented in Fig. 4.

Fig. 4. Test circuit diagram for AC breakdown voltage test of natural ester
impregnated pressboards.



where (1) Variable voltage transformer

(2) AC high voltage source 100 kV, 50 mA
(3) Current limiting resister

(4) Test cell

(5) Voltage divider (200 kVac)

(6) Meter for voltage measurement

AC breakdown strength of natural ester impregnated
pressboard was tested as follows:

1. This circuit is prepared as illustrated in Fig. 3.

2. The voltage is applied to the pressboard from 0 V until
breakdown.

3. The values are recorded obtained from testing.

4. Step 2. to 3. are repeated for breakdown voltage testing
of other six pressboard in the same condifion.

5. The breakdown voltage values are analyzed.

C. Impulse Breakdown Voltage Test

This method investigates both the positive impulse
breakdown voltage and negative impulse breakdown voltage
characteristics of oil impregnated pressboard and use the
electrode that is designed and constiucted according to IEC
60243 as illustrated in Fig. 2 same as AC breakdown voltage
test [5].

The circuit diagram for positive and negative impulse
breakdown voltage testing is illustrated in Fig. 5.

Impulze High Voltaze
Generator System Drivider
|____ |__| Test Vessel
—f\ v —
| »./(:" ) | | SR L
| | | ;
| | | L= | ¥ Control
| : | T | 0 o | ! System
I O — S
[ : | 1N | I o | O | i
= AN e | !
: : | Oscilloscope|
|
| |

== IR
Fig. 5. Impulse breakdown testing diagram.

The example of waveform of impulse breakdown voltage
is illustrated in Fig. 6.

EV

#{nz)

()

Fig. 6. The example of (a) positive impulse and (b) negative impulse
breakdown voltage.

IV. TEST RESULT

The test results of breakdown voltage measurement are
represented in Figs. 7-9 and tabulated in Table II.

A. AC Breakdown Voltage Test

AC breakdown voltage test result is shown in Fig.7. The
AC breakdown strength of the impregnated pressboard for
long impregnation period is higher than these of the
impregnated pressboard for short impregnation period. On
the other hand. the AC breakdown voltage of the pressboards

experienced with longer electric field stress period (3 months)
were lower than these of the pressboards experienced with
shorter electric field stress period (1 month).

AC breakdown voltages of impregnated pressboard.

Breakdown voltage (kV)
S

BE Agcdby24 LV for lmenth
2 Aped by 24KV for 3 months

Period of impregnation (hours)

Fig. 7. The results of AC breakdown voltage of impregnated pressboard.

B. Lighining Impulse Breakdown Voltage Test
a) Positive lightning impulse breakdown voltage

Positive impulse breakdown voltages of impregnated
pressboards are illustrated in Fig. 8. It can be explained that
the positive lightning impulse breakdown voltage of the
pressboard for a long impregnation period is higher than the
positive impulse breakdown strength of the pressboard for
short impregnation period. The longer electric field stress
period makes the positive impulse voltage of the pressboards
reduce.

Positive impulse breakdown veltage of impregnated pressboard.

...............

Breakdown voltage (kV)

Aged by 24 kV for 1 month
{ Aged by 24 KV for 3 months

24
Period of impregnation (hours)

Fig. 8. The results of positive impulse breakdown voltage of impregnated
pressboard.

b) Negaftive lightning impulse breakdown voltage
Negative impulse breakdown voltages of impregnated
pressboards are presented in Fig. 9. It can be explained like
the previous title (Positive impulse breakdown voltage) that
the negative lightning impulse breakdown voltage of the



pressboard for long impregnation period is higher than the
negative impulse breakdown voltage of the pressboard for
short impregnation period. The longer electric field stress
period makes the negative impulse voltage of the pressboards
reduce.

Negative impulse breakdown voltage of impregnated pressboard.
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Fig. 9. The resulis of negative impulse breakdown voltage of impregnated
pressboard.

The values of AC and lightning impulse breakdown
voltage from all tests can be summarized as in Table II.

TABLEIL THE SUMAFY OF EXPERIMENT
Condition Experiment
. Electric field
Ord
raer Im‘z:f:fno" siress duration AC I+ Im-
) (onth)

1 0 1 65.5 13833 137.5
2 8 1 65.5 140.83 140
3 16 1 65.83 14083 | 14167
4 24 1 70.23 14417 145
5 0 3 34 134.17 135
6 8 3 574 1375 135
7 16 3 61 13833 | 138.33
8 24 3 62 140 140

Where AC is AC breakdown voltage
Im+ is positive lightning impulse breakdown voltage
Im- is negative lightning impulse breakdown voltage
V. CONCLUSION
From the test result, it can conclude that:

e The period of impregnation of pressboards obviously
effects on both the breakdown voltage of pressboard.

e The aging period of pressboard effects on both the
breakdown voltage.

e From TABLE II, the values of positive impulse
breakdown voltage are similar the values of negative
impulse breakdown voltage.
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Absrace—Polarization and Depolarization Current (FIN)
measurement is a non-destrocove dielectric testing method nied
to determine the electrical properties of ransformer insulation.
Nowaday:, natural ester has been used as altermative Dguid
imsnlation in fransformers becanse it can be easily decompaosed,
highly flammable, resistamt to moistore, and prolong of
pressboard (solid msnhtmn in a transformer) compared with
mineral ol Furthermore, palm oil is alse an inferestinghy
altermative insulatinz liq'uid. Thiz paper presents the PD{C
characteristics of mineral oil, natoral ester (FR2Y), and palm ei
nnder varions temperaturss. All received liguid specimen were
dry im the conirolled temperature oven at TC under 200 mbar
and then they were cooled down to ambient temperature aroand
25-30°C. The Ligquid zamples were investigated for three cases as
follows: 1) moisture content messorement according to ASTA
D1533, 1) dielectric dissipation factor measorement as per
ASTM D224 amd I) polarization corrent and depolarization
corrent measurement at igumid temperatore of 30°C, 50°C, and
TOC respectively. The FPDC characteristics of mineral il
impregnated pressboard: amd patoral ester Dmpregmated
pressboards were also investdgated. The FINC test results were
analyzed_ It was found that the dielectric response of mimeral il
was ilgllJﬂl’lﬂﬂ\ different from patural ester (FE3) and palm
oil. Besides, it was clearly that the conducon carrent of hguid
imsnlation im:rﬂs.ed with increazing liquid temperature.
Moreover, the pressboard impregpated with natoral ester
provided befter insolafion characteriztics soch as lower
conduction current than that of the pressboard impregnated
with mineral oil

Eevwords—Polarization and Depolarizafion  Crrrens
Measuremeny, Dissipamon Facter, Mineral 6, Namral Ester,
Pgim O§l, Pressboard.

I INTRODUCTION

A transformer1s an importance equpment used to transfer
the electneal energy. Age of transformers depends on the
msulation system. The mmsulzthon system consists of teo mam
tvpes 1e ligmd and solid mmsulation The factors that can
detenorate the efficiency of tansformer are msulaton
degradation. temperature, hot spot, contapunated parhcle ete.
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However, there are many ways to avold and analymis the
problems before farlures. Omne of the ways to anmalysis 1s
non-destructive fest being Polanzation and Depolarization
Cwrent Measuwement (FDC).

The PDC measmrement started i the 1990= Tt 1= one of
the dielectnc diagnosis techmagues. It has gained immense
populanty due to its ability fo assess the condiion of homd
and pressboard separately wathout opening the transformer
tank [1].

The pnnople of PDL measurement 15 based on the
application of a DI voltage across a test object for a long
timse. Dhning thas time. the current ansing from the activation
of the polanzation process with different time constants
comresponding to different m-ulation matenials and due to the
condustivity of the test object, 15 measwred. Then, the cirowt
1z opened and the object 15 discharged to ground called the
depolanzation process. The charging and discharging current
are mfluenced by the properties of the msulation matenial as
well as by the geometnic stmcture of the insulating system
[2].

Thiz paper aums to study abouwt PDC charactenstc of
Liquud imsulation and pressboard used i transformeers.

. THECEY

A The PDC measurament

Measurement of PDC 15 one of the diagnosis test methods
used to evaluate the dielectne properties of an msulating
material, change with moishwe, ageing, and contzmunation
[2]. Polanzation and depolanzaton cwrent measurement
techmique had been developed base on [3.4].

The measurement during applving a DO voltage | 15 the
polanzafion cument ip(t) consisted of absorption current,
capacitive cwrent, and conduction cwrent. In equation (1),
the first term 15 related to the conductivity of the msulation.
The second term canmot be recorded because of the large
dyvnamuc range of cument amplitudes mberent (“fast”



polanzahon process). The last term represents the remaiming
“slow” polanzation process [3].

fpou() = CVIZH+ x8(8) + (£)] M

where {; 15 the geometic capacitance of test object
&y 15 permuttivity of free space (8.854159x10H?* Fim)
@, is do conductivity
£, 15 the lugh frequency component of the permthivity
&(e) 15 the delta functon anising from the applied step
voltaze immediately following £ =0
fie) 15 the drelectne response fimchion

When D} voltage source 15 swatched off and replaced by
short cirewt, depolanzation cwment igepo(t) happen
It consists of only absorpton cwrrent because conduction
exists merely applvng power source [3]. The depolanzation
current 15 the relaxation of polanzation which can be
expressed m equation (2.

lgepot(t) = —Cole[f (L) — (e — T2)] (2

where T, 15 the time dwation when the step voltage was
applied.

The egqurvalent cwewmt for PDC measurement and the
prnciple of PDC measwement are shown m Fig 1.

L I Peroid of polarzadien
Fig 1 PDC messwement cizour and principle of polaizmtion and
depolanzation current measurement [3]
EB. Electrical imsulation in mangformer

Electrical Insulation m the tran=former can be divided into
2 groups 1.2, sohd insulaton and homd msulaton

Sohd msulation — the man schd msulstion m a
transformer 1= a press board or & transformer board
Pressboard 1= orgame pobmooer wihich 13 made from
compression mulf-laver of ecellulose. The pressboard
provides the msulation fuinchon and mechsmical support.
Mommally, the hfe of a twansformer 15 approsamstely
caleulated from degree of polvmenzation of the pressboard.

Ligwd msulation — dielectric howd 15 used as electincal
wsulation, coolant media and arc extngwshing. Generally,
mineral o1l 15 widely m transformer industry. Mineral ol used
in the transformeers mmst meet the requirement according to
IEC 60296 [6] or ASTHA D3487 [7] standard. There are two
types of ouneral ol m transformer, naphthemic ol and
paraffinic o1l The relative permatiity of the mumeral ool (30
Hz 25°C) 15 appromumately 2.2, Natwral ester was also wsed m
the present. In companson with muneral oils, natural based
olls have, inter alia, mmch hgher flashpoint, shightly above
300 °C, which allows the use of alternztme flnds m
applications that place lagher demands o terms of fire safety.
These features of these alternative fhuds show the advantages
outzide bigh odegradability and fact that if 15 2 renewabla
natural resowrce [8].

III. EXPERIMENTALDETALLS
The expenment was performed for studving the PDC
charactenistics of three types of hqwd 1.2, maneral o1l natural
ester, and palm ou and howmd mmpregnated pressboards by
usmg the PDC-Anabzer- 10D,

A Testcell

@zg
]

Fig. 2. Test cell for Houid insulation testing “Model DAC-0BE-T™.

Fig. 2 shows the test cell for homd insulation testmg used
in the experment. This 15 an electrode for testng accordance
wath the JIS (C2101) standard and can apply for dielecnic

55 tangent tests and volume resishvity tests.

.}1”. g

Fig. 3. Test cell for solid imsulytion t=sting “Maodel DAC-OBE-T".

Fig. 3. shows the test eell for sobid insulation testmg used
in the expeniment This electrode can be used for measurme
permuitivity and dielectne loss tangent of solid insulation 1n
accordance with JIS (C2111) standard.

Both the fest cells were desigmed to prevent moishire
mgress from the smroumding envizonment.

B Test set-up
The PDC test cwemt for hgmd imsulaton 15 showm m
Fiz. 4.

El oowoode: fhe
[niquma} iedmp
DAC-0BE-X

PDC-Anatrser-IMOD

Fig. 4. PDC measurement for lquid insulation testing.

The PDC test circust for hqud impregnated pressboard 1s
shown m Fiz. 5.

“DAC-OBE-T”

PDC-Anavasr-TMOD

Fig. 5. PDC measursment for insalating presshoard



The test cocwt 15 connected with a hugh woltage
sowrce and measwrement devices. The PDIC measwrement was
used to control the ciromt switching and also to record the
measured cumrent by the lagh resistance electrometer. All the
mezsurements were caned out at 200V wyth 2000 seconds for
recording polanzaton and depolanzaton current.

C. PIN rest procedure

The procedwes were dmided mto 2 parts: Lgmd
msulation testing and howd immpregnated paper testing.

1. PDC test for hqmd msulaton

- Fust, hogmd msulation was heated at 60°C under
200 mbar pressure for 12 howrs.

- Second, hqwd imsulahon was naturally recovered to
25 °C under 200 mbar presaure.

- Then, each hqwd msulation was tested for meoisture
content according fo ASTM DI1533 [9] and dielectnc
diszipation factor according te IEC 80247 [10] by using
METTLER TOLEDO C105 and SOEEN DAC-IM-Dé,
respecitvely.

- After that, the higwd imsulaton was prepared about
50 ml to the test vessel showing m Fiz. 4

- EBach ligwid imsulation wes tested for the PDC
measurement by using the PDC Analyser-1MOD at 30°C,
S0°C, and 70°C by wihech the ambient of the test beinxg 25°C.

2. PDC test for homd mopregnated pressboard

- First, the pressboard was heated at 80 °C under 200 mbar
pressure for 12 howrs.

- Second, the pressboard was fulfilled wath the prepared
Lhoquwd insulation and was heated at 80°C wnder 200 mbar
pressure for 12 hours.

- After that the liquid meulation impregnated presshoand
was mstalled m the test veszal az shown m Fig. 5.

- Each hquwd mpregnated pressboard was tested at the
ambient of 25°C.

After finishing the test set up, the PDC fest was dnnded
mto three-step process: (1) mihal measwement, (1) control
measurensent, and (11) maim measurement

(1) Imhal measwrement- this process was only discharge
cwrent mezsurement in order to as cerfain the ameamt of amy
remaiming cwrent mside the test object.

(1) Confrol measwement: this process was checked the
measurement system 1o test oot by applymg a 50V, 3s. to
test object for measure fuwft). Then shoot cwewt the test
object for measure fu, (1) mniil it was as remaming cwrent
from Innhial measurement.

(1) Man measwement: the PDC obtamed from thos
process were used to determme the dielecinc charactenstics
of bhouwid msulation and’or hgwd mmpregnated pressboard.
This process was appled a 200V (chargmg voltage), 1000
seconds (chargping fime and discharsing time) to the fest
object. The control program would charge and discharze the
test object sequentially according to the specified tume
setting.

TV. EXFERTMENTAL RESULTS

A PDC test for liguid insulation

Before the PDC measwement was performed, the
molsture confent and dielectne dissipation factor of each
liguid imsulation was measwed for checkmg the quality of
liguid insulation znd proving condibon of mmsulation [11].
Moisture content and dizsipation factor of howd meulation
are shown i TABLE L

TABLE I WIMSTURE OONTENT AND DMESIFATIMN FACTOR
OF LU INSULATION

Type : n? W : -
Maisture content | Dielectric Disvipaien facior (25°C)
Mineral Qil 23 ppm 0.000275
Natural Ester 130 ppm 0.00347
Palm 04l 335 pom 0.00351

The P test results of each homd msulaton with
different temperatures are shown in Fiz. 6 - Fig. 8

Mineral oil, FOG at 300 W
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Hatural ester, PDC at 200V
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Fig. 7. The polanzation and depolurizadon cument of namral ester
with different temperanmes.

i EiF Palm oll, POC at 200 W
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B PIN test for liguid impregnated prezshoard

This expenment was aimed to comparatively study of
between the FDNC of hqwd mnsulation mmapregnated pressbhoard
and non-impregnated pressboard.

The PDC test results of hgwd msulation impregnated
pressbhoard are shownin Fig. 9 - Fig 11,

Presshoand impregnated with mineral oil, at 2000
|
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Fig 9 The polanzanon and depolarization coment of mineral oil
impreznated pressboard compared with non-impaesnated preszhoard

Pressboand mpregnated with natural ester, at 260
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Fig 10 The polwization and depolarfzation curent of nacral ester
imprezmated presshoard compared with non-impresnatad presshoard

Pressboard l'nprlg'ntld with palmaoil, at 2000
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Fig 11. The polarization and depalanzation comrent of patm il mmregnated
presshoard compared with non-inpresnated pressboard

V. CONCLUSION

From Fig. 6 - Fiz. 8. the results showr that the polanzation
cuwrent and conductrnty of eack howd mpsulabon were
differed when temperatwre changed. Therefore, it can be
concluded that the polanzation cwrent and conduchon
current of the msulating hgwds vary wath chansms m
temperature. Moreover, m case of ouneral @l it had short
duwation tune 1 depolanzafion process because 1t has oo
polarization process.

From Fig. @ - Fig. 11, 1f can be summanzed that the
mnhh:remntzntmtheprebnardaﬁ‘ectmgnnﬂm
polanzatton cwrent. The polanzaten cwrent of non-
mmpregnated pressboard was lghly than homd insulation
mmpregnated pressboard obnously.
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