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ABSTRACT

This thesis proposes the rotating machine insulation analysis by using polarization
and depolarization current (PDC) measurement and also studies the effect of ambient
temperature and humidity to the PDC. The PDC tests are divided into 2 major parts.
The first major part was the laboratory test and the second major part was the field
test. For the laboratory tests, there were 4 case studies and the 2 stator coils of 6.6 kV
induction motor were experimented. The first case was to study the ambient
temperature effecting PDC. The second case study was to investigate the ambient
humidity effect on PDC. The third case study was to focus on the effect of the humidity
inside the stator insulation and the forth case study was performed to study the PDC
of the stator insulation undergone thermal stress over operating temperature. For the
field tests, 3 case studies were experimented. The first case study was performed with
2 of 11 kV stator bar. One of them was a healthy insulation stator bar. Another one,
some parts of the insulation were damaged from the synchronization failure. The
second case study was performed to investigate the PDC characteristics of the 6.6 kV
induction motor insulation before and after rewinding. The last case study was
performed on the 6.6 kV induction motor according to the maintenance plan. The PDC
testing in 2014 and 2016 have been done for such motor. The polarization and
depolarization current of all experiments were measured by the PDC Analyser.
According to the laboratory experiment, the higher ambient temperature caused the
higher polarization current and conduction current. Moreover, the higher ambient
humidity caused the higher leakage current of the stator bar. Besides, an increase in
absorbed moisture in the stator coil insulation increased the depolarization current.
Furthermore, the stator coil stressed by high temperature over normal operating
condition caused the decreased in polarization and depolarization current. The field

tests showed that the.PDC measurement can be used to assess the quality .of the



rotating machine insulation and can be used to be the guideline to identify the

problems of the rotating machine insulation.
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1.4 NUNIUITIUNTTUNNEITDY

U w6 2545 finsinauenadiuised “The latest technology for on-site insulation
condition assessment of electrical power apparatus” [1] 1a & Supatra A. Bhumiwat 11
“Electricity Engineers Association of New Zealand — Conference 2002, Christchurch”
Tngls fnsuimadanisiesivinssualnanlsdigdunaznssuaniwanlsdiatuanlalunis
ARTgvRLILTILaLUAY

U n.A. 2547 Smsiiausnasudes “Polarization-Depolarization Measurements at
Insulation Systems for Rotating Machines” [2] 1a& C. Sumereder, R. Woschitz Wag
M. Mubr T4 The International Symposium on Electrical Insulating materials, Kitakyushu,
Japan, June 5-9, 2005 pp. 706-709 1ae C. Sumereder wavmng Miuisamimesvonndes
fuflaliiiiunsielvasidussegnaiuandsiunniinisinaanugliii Tneviinns
Taarauglninlasldisnnsianseualnanlsdutunaznssuanlnailsdduiio uiuisnig
fada (wefiewind) meuglnihitldannisnisinnssualnanlsdiedunas nszuarinailsd
wiuazlsinnnisnssualnanlsdisdunielsmndunlngldnisulasies amnmsmaaey
wuin Al idaldainisnsianssualnanlsdedunarnszuadinalsdioduas
uanenenAALg b fiTnldennTBiessauiad 15 %

U w.a. 2549 An15inauenadnuides “Dielectric Response Studies on Insulating
System of High Voltage Rotating Machines” [3] 1@ e M. Farahani, H. Borsi L@ g
E. Gockenbach T “IEEE Transactions on Dielectrics and Electrical Insulation,” February,
2006, Vol. 13 pp. 383-393 lng M. Farahani kagAuy AN 15ANYINANDUAUDIUDIRUIU
yoansesinsnavyuussiugilaonsinnssuamlnanlsdiedu msindidgapdeladidnain
wazArngliivesauiulunsdlineg il nsdd 1. guvniuindouvngiinmaasy
WinTuann 25 °C &1 90 °C nsdlf 2. auauldSumnuaionaunlui 5.5 kv/mm warldsu
Aageu 150 °C Wuszeznan 0-7,000 F2lus waznsdl 3. auuldsuanuesonaunsluii
8.3 kv/mm wWuszegiian 0-5,825 Gi'fﬂm LAYIRAIRN 5,825 %"ﬂm AUIUNANITHUTNANIY
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Tunsnageuil M. Farahani Idiurisamimesvesiedosdnsnavauiiifdauseiu 10 kv wild
Huingnaaeu anmsmaaey wuit lunsdd 1. legamgfinindenvazyinnismaaey
iy nspuainatlsfisdy didsgaudeladidnain uazAnrugliihuesauiuaniindy
Tunsdidl 2. Wevinmsliemiaienaunsliiuazaufeunnauiuduszezinal 0-7,000
lus assilinssuainanlsfisduuaradsgadeladiinainanasniuasnfutuiios
toy drumenugliinaziidnanas uagnsdil 3. Welianueisaauulwiunauiudy
syugiaa 0-5,825 Falug nudn nezuadlnanlsdiedu Aidsgaudeladidnainuazainiug
Iylihlaifimswasuudasneuauuinnsiusnani

U A, 2550 SN0 LaUaNAIIULE Bl “Application of Polarisation Depolarisation
Current (PDC) technique on fault and trouble analysis of stator insulation” [4] lag
S. A. Bhumiwat Tu “Cigre Sc Al & D1 Joint Colloquim,” October 24, 2007 pp. 79-87 1ng
A S. A Bhumiwat ldudnnaiianisinsizinszialnanlsdatunaznseuanlnanlsdiaduin
THunsieseiawiuvesnadasdndaliih nuin medasinaranuasansianudgmlunsd
flauruvonadesiudaliinddwndeudimanasuihdundedunauiuluns Uuiousg
Uinaianiuveseminannes uazananutymlunsdiauimewamnainaesiinnig
dn93gnINAla

U .. 2551 AU LEUONa9IUISeS “Practical experiences on condition assessment
of Stator insulation using Polarisation / Depolarisation Current technique” [5] 1ag S.
Bhumiwat 11 “CIGRE 2008 Session,” Paris, 2008 pp. D1-210 lavla finasidvadianig
FasgAnseialnallstiwtunasnsswanlnailsdistuunlglunisieasi $9auIuYe AT oY
el wuln wedasanaiiaiuisniiunldlunisimsiziauiuvewasaania by
Aa A & | & Aa X aa Yo v |
el AAnuuegaeluiieauiu awiulidsludeuniia awsulasunisssuisanuouly
Wigene wagiiauugninnseu ta

U e, 2552 Sluituides “walian13asa9nAnauueinsEawaLILYesmliouUa
Tneldnszualnatlstiadunaznssuamnanlsdatu” (6] Ing wivedwd dudiow wuli ua
nMnTaTaanututeansvatvatiute monlasiiniunisguintunionuamdalaeld
nsvualnanlsfitunasnssiarlnalsfedulinalnaldssiunmnsiainauiugeisasa
R GH

Y w.e. 2556 fin1suiauenadnudos “Experience with DC Polarization-
Depolarization Measurements on Stator Winding Insulation” [7] 1ag G.C. Stone uas
M. Sasic Tu “Electrical Insulation Conference”, Ottawa, Ontario, Canada, 2-5 June, 2013
pp. 7-10 1ay G. Stone 1@1"1/?1miﬁﬂwmmumaaLﬂ%ﬁﬂsﬂammmﬁuqq Ingyinn1Tnageu
Tanszualwanlsddulaznszianlwanlsdedu (polarization and depolarization current,
PDC) vasausunawmesildsuanuidemedomnanudeuwasvesunaindwinesiniauiy
duitegnnslusesadonldsuaiudons isufu nnsmaaou PD, Tip-up ua DC-ramp
wui1 nsnaaey PD aunsansianudgmlunsdifivewmesldfuanudemeaiewinai
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nsnagauia PDC, Tip-up wae DC ramp Lianunsansianuanudemelunsdivewmes
lsuanudemeniesainanuieuld uidsegnslsinmnismaaeuin PDC anunsnnsIany
HapiiAnaniaunluduiiogmelusesadonvesunanaimmesliiuauidomels
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NQuANLNYITD

iwsesdnsnavaunuiiadldiuUszneundn 2 @ fle 1. awimes (staton) uas 2. 15inos
(roton) awmefidulasairsdrudiogmiengfuiiveaiaissdninanyunazifudiogues
IRMINAANDT (stator winding) Fsunamnawnnesazianuasiuunaadnihgniuseauiy
dulanefifulassadrediufindeufivonadesinananyu il Tuinerdnusatuild
yhmsfnwauiurestamndmneivanaiosinananyu deu 3dldndndsneandenves
idosdnsnanyuluduresanme oty

2.1 #anes

Annesihananurumdnaifiug (aminated steel) figndadoutiududug was
usiuvdnusazusiuazgrindeuau v fletestunndenfeiunsinihweausiumanus
avuny a1 wleidunisannisgadeiiinainnssuadan (eddy current loss) luwnuiwén 7
anmeitaziiduiituderiudgnEendt sasaden (slot) Wailufteguernainamnnes s
wnmnsnmeisddnsasiuaadihiigniusudmiunsadusowfongniudsauiuds
swasdvaiiedfuauiusesnalnainnasazlinariseluluniands

wnaInanasgnuuseandu 2 wuu sudnvagn1snwhvesnananmesly
Josaden Laun

1. AN59VAINANABIUUUEY (Random-wound)

2. MIINVAMAAMADTLUUTURUU (Form-Wound)

2.1.1 A15INVARAINAAADIUUUE
nssRaIRARRDSLuLdNT s ldfuiaTesdnanafifiifnindwin anedes
Alatnd) uazgnldauiissduuseduliiu 1000 Taad Matsenaleamnesuuuinani
nauandiledevatudwihmthiduusainamnesazgninsuusesadonuuugy Tude
anunsanenguadndilivusesadenlanlalaslifindsuavresninunsdndseseu (volt per
turn) UBIUAAIN
2.1.2 MIINUAAINELAADIUUUAFULUY
msnseaauuudsuuuud grltluefesdnanaifldouissduusadu 1000
Taasf ulU Tnsmsnsanmnuuuiisuiuuasfunsnaaaalasddsiamusiadndsosou
(volt per turn) vesvaanlvogluszduiivanzay Feunainamnosildlunsnwnainuuy
fisuuuuiiflegietiu 2 wuu Ao
1. InaIncamesUUUABYA (coil type)
2. WAIAAALIDILUULYINLIIUA (Roebel bar type)



(n) ()
JUT 2.1 9ARIAALALADIVBAATOIINTNATILU N) VAAINAALABSUUUABYE V) UAFINALA
washuuuialstua

2.2 UARINEALADS

vaanaamesgnulseenidy 2 diu Ae daunsmludiurevamnaininesiog
anolusesadon (Slot Portion) uazdrunaeadudiuvesunainainineslnaiiuseaden
(End winding Portion) anainaLninasasidnuaznduaindaiiigniugugnifudasauiu

Y Y
¥ £
= =< ! a o LY

d1nluii (mica) HANLITY (resin) BIAUNLITBIRUIUNUTILTUBE AUNARLTITUlFY

Y

VDIVAAINALALADS

duilnanusesadon

UM 2.2 vpanaiaLnes



drufiegnelusesaden

duilnaniusesadon

JUN 2.3 wnamawmesilieagmealusosadon

fiyn: www.gef.com.my/rewind high voltage motor.html

2.2.1 AUIUYBIVAAINELALNDS
audeldinduniddudiszneuiidrduonaiosinsnanu uagieldan
wdosdnsnavuiunamnuayiamuAemsdosanm fimadeuanwuesauiuiiay
lusriaegmsldnuvesiadosinanavau ity mdomteuuazthpinwiauunieuionis
Uspifiuanwaurulsfienuddeeneds ssuvarinveseiesinsnasuluszeySuusnty
snifuszuuRuILLUUWBSIUNaTaAN (Thermoplastic) Bdlduaaiias (Asphalt) wazivaudn
(Shellac) iughuszanului vilisuvaunussumignrinnisldauiaamndlaiiu 130
ssraidea uslutiidussvuauudsudusuumesludnis (Thermosetting) Fvagld
Tndloawmes (Polyester) wagBfion®sdu (Epoxy Resin) iWudhuszanulufwiildauiuiany
wdaznugamaiivindeulagenings 155 asenwales

2.2.1.1 szAutuauIu (nsulation Class)
nsudsszdufuaunniuagldenmgindoufiauiuasnsomildidunasily
3wt auuusazelsrannanlinulidenmgiuvindeuilsduisiiueg futan i
vuduauan msulssssuduamuannsouddldfealui
1. auauswdutu Y
auuszduduiaglfauiionungiuindenliiiiu 90 ssmieadoa Yand
Yhanldvauiutssani Taun dihe, nszawgaglaa (Cellulose Based Paper), Leulylvy
sysuAfilafnissuisundwiestularnuludsesssumafinunssuiumsanlud

2. QUIUTEAUTUY A
v o A o ~ a P | a ~ ) a
amuimwuu%‘lmwwqmmmLL’maamlmmu 105 @A LTALTYH TdAN
of5[o

anldviawiudszinani loud ddhe, dlvy, nseaweaglaa wae diu lneavinigiia
awulUgumeuiuniyisenstu saudunuaidulssnnasdunse



3. quausyiutal E
anusgiutuiagldnuiigumgiivaadenlain 120 ssmsaidoa Yand
vharldvhauiuussand teud dunusnanadnvidemeslunanainsaudulviuesmeslude
A, fenTsuiiua vienie
4. auausyiut B
aauszdutuirldauiigumgiuindeulsiiiu 130 ssrisaidoa Jand
vhunldvhauudseinni Teud e, Iwednana wasuilofiu (Asbestos) Tnsazldivaudn
waailad wavlndeawesistudumbauseau
5) aunusERUTY F
awuspiuduiagldnuiigumgiuaedoulsiiiu 155 ssmwaidoa Jand
Yunldvhawintseunnd lawd lud, ruednana waziilofiu wuiefufusysutu B ws
Fandliidusdauszaruarlidiondisdu Jnuuvemnainammeivoseiosinsnanyuly
gty iuasduaulussdudud
6) aurusEiUTL H
awauseiuiuiiarldnuiiouvnluandoulsiiiu 180 ssmwaidoa Jand

9
i
U 1

Prunlgyinaniudsziand tewa lum, Tuesnana wazkidleiu wuneitunuseauTy B we
Tandausgauayldualausty vsesgalau

2.2.1.2 1p59a31990953UUaUU

AIUINBILA
(Subconductor) So9EaeN
(Slot)
TUMUTEATRMUY e

(Semiconductve tape) (Groundwall Insulation)

6
QUILALATUA AUIUNASU

(Strand Insulation) (Turn Insulation)

JUN 2.4 1ASeaiesEuUaINTUnRInaLLAeS
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Tnehlusvuvauiuvewnananed ssuteenidu 3 dused (8]
1. auIuLEnsUA (Strand Insulation)
auruuansudiiuauludrufioginiufiimeauns (subconductors) lu
gaan aurudwiifuduidesiuliliinnisdnsasseninaiiidesnslusnain uas
Hosnauududinanduduilegintuing du Swipefimanuthmiuieu (thermal
conductivity) figufieflazanunsassursnnudoulitufnldd auauludind 1dud auan
$rwnlum videenalumsauuiiedevogiiivesainda
2. QuAaU¥isy (Tumn Insulation)
avruisuduauiudiuiiegfnanawiuuansud Jsazvimiiidestunns
AN4ATTENINTDUVBIUAR A ImsJa"mmﬂau’;uﬁuﬁmﬂfﬁ]ﬂ%’i’a@%ﬁwLamﬁ’uamuﬂinﬁ
3. auIUNI1A (Ground Wall Insulation)
amuﬂ3’139?L?;Iuamudauﬁagﬁmmﬂamutﬂ%u Feazimtfidestunis
FrnaassyninueaInuaynssiiamnes aunludiuiavdostinmnudiumunsaudeu
(thermal resistance) fisin ilefivzyilanusassuisanuseuanduilus sissuisniy
Soudiinegiiainnasldd waraurudruidvhuihidestulildunarminnisduasiiiou
Hosnussnausuimdndeduiy Sanivwnldiauinssaoniivaesiintuegi
Snwasmsih U9 fadl
3.1 lufnddmsunszuiunsuiadumnsaesduns niudu
(Vacuum Pressure Impregnation, VPI)
avluimUaiaderlifisfuindeuiiin Tnsasldiuunainaimnesusnm
floglusesaden uaz UshnlnafiusesadoniilofiazthluiunszuIumswindumsarosdy
SNt
3.2 ln I URELL S TR UNSEUIUNITL5TUSY (Resin Rich, RR)
auulufnisindasddiunanvensduoy lnsasldiuvnananines
Unnflegmeluievadon daunainaminesivudigmuriaiaggniilusiiunssuaun
LIDUTY
3.3 TUAMULUUHIUN T8 ULSBUE S
avlufunUsiadoziuniseuisdu Tagasldwudmduunaindinnos
Uinnilnausosaden uandesnunusndrliannsaddnisuiunasduisld fady
JemelglumuuuniunisouLsdu
3.4 1alsuuny (Conductive tape)
anuriniasliiuremnamneiuinuiiogniglusesaden Tnsauiueing
szifuauiudiiannusunusuiiefiagsilidndvedalsunnuiialndifesiuindves
LnuaAed daty SeildanueIesaunliiiiinnaseutesinsseninaRiveauIuLay
wnuanestiAIslaivlrAnnshamsausalusnadmnan
3.5 wiasuan?wivy (Semi-conductive tape)
avurdaiarldiuvewaainammnesusnalnaiusesadon Tngyiniing
fruannuesonaunliiwaznszaeauesaaaun i lriauaiaue Wesn
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1
v v =

Uinudinarifuinaiianueioasuuliinbiainauegs faiu Jeihlieiniaudinm
Fanandenudsssenisiianisiavnsaunsaaule
3.6 Indlwameiiny (Polyester heat shrinkable tape)
avwrdadarldiuvnanammesusnaiusesaden Jaduusnaiiag

17999 TnetduauiunteiinauwiwsalituInaInUs s INa

2.3 AszUIUNITInanbsdtuLaznsZUIUNIse Iwan bsdituvasauIu

(Polarization and Depolarization Process of Dielectric)

Sevihmsteuussiunszuansdliidy autu vde ladidnesn fauandlusuil 2.5 Taed
YArat TR liansaviliauuAansiusnadls luanavenuInazinnsnauaues
Aoauulniinainaieueniiuinsziin dsazvliie “nszuaunisinanlsd (Polarization
process)” Fumeluiioauau

®
®

0

®

@

&

G)@@@
@@

amu

1E

0|
O
0

S)

0
0

&

G)

@@@@

UM 2.5 misUeuussiulniuauiu

nszuaunsivanbsdninuneluauugnuusesnidy 5 Ussian Al [9]
2.3.1 Biannsaiindlwalsdiwdu (Electronic Polarization) w38 Saufinea
Twanlsgwdy (Optical Polarization)

D

a & a6 ¢ v & 5 o =
@Lﬁﬂ‘l/li@‘hmﬁIWﬁWVLi‘ZILSU?IULUUﬂig‘UUUﬂ'ﬁI‘W’ﬁ’]1'5"?11‘1438@U@%@@@J“HENQH'JH"’ZN%J

eazdun Ml Weawulasuusinsyinawiulninieuen nquuuendidnnseudiag

Y

a a a o oA v A U ! d'
9U° 1AAYdv8I0rMRNVBIRUIUITINANISIAABUTL RIS Bef luda 1w AN

N3z Fenrsdnisesiluivesngunuandidnaseuszinliezneuvesauiuinlalna

%

(dipole) n3aLinn138U7Tu N1swAdeunveInguntendidnaseuiiedaediluinield
auulnihdgnisendn Sidnnsedndlnanlsdwdu usegrelsinunisiedeudivesngunuen

diinaseudInanivuadnuInnsgsnaunliinieueniinseyidengumnuen

o

Sianasaukardiedsalivuisanuindioiisuiuusedamnisinielusznouniied sanseyvia

! ! a « a a a [ s =
sonquniendidnaseu didnvsedndlnanlsdiwduiiiunisinanlsdfildvilmAnnsan e
yalih wasfunszuiunsinanlsdiladtuegfugamgll nszuauntsTnanlsdussaniag

Wnduniglunanussunu 107 Jund
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UM 2.6 Buannsedndlnanlsdidu (n) ezneuvesawiulielifauiulniiruinszin
() aznauYasREIULlalauNINHLNNTEYi (BrmauvasRuIUNRLAlNE)

2.3.2 looafinlnanlsdiwdu (lonic Polarization) %50 azmauiialwanlsdiudy

(Atomic Polarization)

lovefinwarlsdetudunszurunsinanlséiiintutuiandidundnloontn wu
\nde (NaCl) Wsivadeumaslsd (KQ) Wudu Fslossiinlnanlsdieduiinssuiunsiin dil
dloauuldsuusanssyinanauuliiiaieuen lessuunnuasleseuauvesiusslessiinay
wasudl Tnefilessutinazpdsufinufiansauiuiniivarlosovauazindaudfinssd iy
Fevnsaunlni Fsnsiedeudiveslessuuinuazlesauauiasyinld lalnafitintuniely
wnlepeinvasawiuineulianng fuly SuiliAalainadnstunelutagauiu ns
\ndeuiveslossutiniazlossuausindnaziliiAnnsliaunavedlalnameluauiuds
nsrUIUNIRINg1Ignisenda leaseinlnanlsdiudy

wuszlaaaiin

la@auuan

loaauau

Bro—Pro—dro—E

JUN 2.7 Bdnmsedndlwanlsdiwdu (n) Janawiudieldfawuluiannseih (v) Janauiu

=

Wodauulwiiuinszyii
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2.3.3. saisumdulnanlsdigdu (Orientation Polarization) w32 lalwansnanlsd
WU (Dipolar Polarization)
soisundulnailstiedudunsnalsdifetusiuladidneinidlumanafuuuy
39990175 (permanent dipole) 1y 11 nsnlelasrasan Wudu Tneunddlolidauli
mnmeueninnszyh lanaileiaomsnmeluladidnainazinisdniiosnedslidussdeou
fufe lulanavgmuuaznszdnnszagediedasy dsnsindesiedliifussfoves
Tuanadsthomstagilvauslnihdwsaneluladidnainidwidugus uiideladilinndn
aananegnigldauuliiy luanaveddadidnasnaziianisnyuuasinisiSeadimuwud
aunliifihfinnsgyin Fannsidssiiveduanaiiionsuaussdeauulniniiinnseyhilasyinld
Anooisumdulnailsfieduiu Fsnsinailsdisduuszianiagldinalunainuiuniy
ddnnselindlnanlsdatusazeznandinlnanlsdidu

sUN 2.8 sasumdulnarlsdiedu () luanavesauiudslaiiawulvfiuinseyin
(v) TuananuiuiansnguieisesneuauassaunliiniuInseyh

@®@®®® ®® ®®®® ®® ®®
B ©® @ O D ©® D
OO OINCO) O & LADN D)
'[ © QlE@ i -[ flE
O G Ve e €& o
eoe 6@ © = SIS
S oo o @
CRCHONS) ® @ ® &

(n) (@)

JUN 2.9 sasumdulnanlsdistuneluionuiu (n) luananigluleaniuSseiuuy
nsrdnnszelalifiaunulniiunnseyi () Jananigluioauiuieswinny
wwrauulinnnnseyih
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2.3.4 gouldlwanlsdwdu (Hopping Polarization)

goudalnanlsdiwduidunszuiunisinanlsdfiosursusngnsaliiuszanielu
auau (localized charges) Wy dLanaseu wag lga (hole) anunsonszlanansunianiiely
Fedneunianils FagyiliAangAnssunisnanlsdaneluauiuld seudananlsdiatdud
nszurunaindsll Weauiuegaeldauuluia Bidnasounarlsanigluauiuasiia
ngAnssunsnszlanandndunimidlugidndumimillneingfinssunisnselaniasin
Tusgarinandu anduszafinanazdsedlusumislnfinsglanly Jamgfinssunisée
funsvosszgnigluauuagsiliiAnnsinatlsdansludoauay fogseulinatlsd
Wiy WU Binmseuaninsansglanainduntafuvesiulugidndumimis Fanisnszlan
vosdidnnseudaziliiumisiunatoidu Tea vie uanmginssumdulssquan wasvils
dumidlnifididnnseunselanluaninginssudulszaan anUsngnnsalildesune

Pnuanusavilmnndvsaiian siwanlsinieauiule

&
&

Ul 2.10 gouTdlwanlsdiadu

2.3.5 davrsalwanlsdiwdu (Space Charge Polarization) 58 dulnasinidea
Twanlsgwdu (Interfacial Polarization)

awrmsalnanlsfeiudunszuiumsinanlsdifinssviuniain il deauay
ogneldauilnih syntaUssquanuaroyuniaszgaufiansandeuiildfegasluile
auIUALlAFRUTUINeBNIINAY uazaYNIAUTEIRINALIAR U AL AL TuRTITeEmDVDS
auu 2 wlnfidanUasiniin (permittivity) uansneiu FsagyilviAnnsazauesusyquan
videUszRauTisessavasauIufing MandouiivesUsznssailiiAnnsazanvealsyy
fisousiasynitsauau 2 viin gnidonit awsvisalnanlsdisdu feadsrrialnailsfidud

zlinisnszatevesauulniineludioauiuiaiauly
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E

CECEETS o@P P
CPCPD oy °°PPOD
Seceoe = 3 14

(n) (v)
JUN 2.11 awensalwanlsdiadu (n) Uszanglulleawiuiielddauulninannseyi
(v) Yszanelulleawiuinnsindeuiniledawulwiiuinssyi

syeznamldlunisiianssuiunsinanlsduszLanange wagauinvesnisinanlsduans
lpdagun 2.12

A
Ay $a
4 [
£ Twan sy
=
< a A s
c @ gauVdlnanlsdiadu
g
o
L
<
A o e L
9 goisumdulwan lsdiwdu
&
=
a ¢ s
i azmaufialwan bsdiwdu
a & a < g
diannsetindlwailsdivgu
[ [ [ (] [] >

10 107 10°° < 1 10°
a1 (Quan)

JUN 2.12 sgeznaildlumaianszuiunisinanlsduseinnsing

2.4 nseualwanlsddutaznszianinanlsdwdu (Polarization and

Depolarization current)

AUIUTBIAMIRALAMBsYR AT DI T nInany U UsEnUme AL B Dudlng
fadu Feilauuremnmeammesusznoufesesrevesauiuudiuiuinn Gesesso
fananasAntussristanauidlufuansdu uasdemad Wovhnsdouussiunszuanss
Trifuauiu nszvaunstnanlsdfiintunteluauuiadunmsinalsdszinmdunesinea
Inanlsdieduidunan uagluilagiu esnnlianunsatavuinnisinanlsd nmeluauuld
Toemss Fammavesnisinanlsdfifntunisluauiulnedunaaneuiavesnssuadivasion

d' a s = A o Yo
QU’JUSUZUgV]QU'JULﬂﬂﬂ']iIWﬁ']IisZI fmﬂg‘d‘m 213 Lllawf\]'ﬁm']ﬂ']i{]auLLi\TWUﬂigLLaWiQIWﬂU
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avrudunaudisaneiezviliauiuinnisinatlsduazvuinvesusesudideulsimes
woflaziliauiuinnisiusnany avauaziinnisinailsdiilonavaussreauiuluiiien
meueniiunseih waziiieawiwinnsinanlsdasvinlifnnssualraruideauiu Fanssua
ARntuluvaziviinisteunssiulviuauiui Ae nszualwanlsdiadu (polarization

current, Ipol)

WS Y

ST LA NN BUSIN Y

Tinuauu
A

N
0 Tt 1281

JUN 2.13° Mseusatugutuliiuauiu

2.4.1 nseealwanlsdiwdu (Polarization current)

nszualnanlsdwtulunimguiaziiosddszneu 3 du Ao 1. nszuan1U Ty
(capacitive current, I¢) Fudunszuaniinduuazavanasluiuiiviule 2. nszuaueUseudy
(absorption current, iap) Faduunsruaiipatuannszuiumsinanlsdnieludoauiu uas
3. nszuan il (conductance current, icon) F0dunseuaiiinnArnnuiliiives
TanuardegluTanynuila nszualnanlsdwdulunimguiuazasrusenourainseuawansla
éﬁ’qgﬂﬁ 2.14 Lwﬂumwaﬁaﬂ'ﬁxLLaIwawisq?L%%uﬁi’ﬂlé’%ﬁﬂizLLa%’ﬂ‘wa (leakage current, 1)
FIUBEAY Fansvuasiluaiifniueindsiudeuiiinauiuvielinainaauandsnes
anwndenvazyinisageu Tngasfiiansannssuansitininaznseuwasalvadunseua

il dalalunaufj i (practical conduction current, icon(practical))
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O) nyzualnanlsdiydu |

S

wv aa

@ b G LT REITI |

— ()

= I —
N NISUAQAYU |

2
\E I'“\ @ % 1 3
= v, nIzaNIT v
[ [} N

£ s .
— ‘ .

2 : ) \
5 ' ~

E ) Seo

-
cSeo
e
.....

JUN 2.14 erUsznauvasnseialnatlsdiedu

Ipol(parctical) S Ic B Iab + Icon s II (1)

con( parctical)) W Icon ) II (2)

nszualwabstistulunimguiannsadsuliasaunisi (3) [10]

: Oy (3)
oo (1) =CoVo [ +6,6(t)+ f ()]
&
Tned
C) Aa ArMNglHIvNLIvIAdin (seometric capacitance) Ua4ingVAdaU
v AD LSIAUNTTREARNTINTLUNSNAADY
5, fAa A1Aut lAINsERansIUIaMS (pure dc conductivity)
€ Ao AIIARIAYDIAINTA (permittivity of vacuum)

£
o v 6

a ! fa  aad . ol P a v
€, A ANLUDIUARIAFUNTG (relative permittivity) NIAILIUAU

a

(#ra1 0 Fu7)

8(t) A aitunasii (delta function) MARTEAINATTIIBTWUFUTURUY
uviulalviuingnaaeuiviaisusi
ft) Ao Heidunanauausswesladidnnsn (dielectric response function)

NAUNITA (3) @runTanvanseualnanslsdiotusandu 3 weu Seedrsuanngrgliain

1
v A

PNU
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A I O-O = & A Y v ' o &
woud 1 Ao weuwes—2 Fudumeuninnuduiusiuainudrlnineludoauiuiay
&

1%
)=

Juwenildvuegiunszuiunsinailsdvesawiu wend 1 4 ssusingluvasiiviinisdng
wsasulnuauILNTY Funaud 1 astdumeuiianuduiusiunszwanisinluilives
QU

weudl 2 fie wenved &, (1) Faudumeuilianunsainstuiinldlunisujifiliessinnis

WAIUWUAIUDIVUINNTLLADE19TIALEY Tanoud 2 § azAna1nnszulIun1sinalsanly
szozalunsinTIAe) dutu Dildnnsefindlnanlsdwty Wusu

(%

A A [ Aa LY Y & U A a X
WOUN 3 A tNauvad f (t) L‘iJum@iJVliJﬂ’]’]ﬂJﬁiJWNﬁﬂUﬂi%U?UﬂW‘JiWﬁWIi%VIQﬁ&J@‘WLﬂfﬂ‘U‘u

neluieauiusniunszuiumsinanlsdnldseeznarlunisiinsiasissninaniulumeun
2 Fanoud 3 1 adumeunimnudunusiunssuan U dinwaznszuaLaUgaUTu

2.4.2 nszudnlwanlsdiati (Depolarization current)

31n10 2.4.1 Wengadewssiulviiuawiuiazyinisdnasatuiieliauiuiin
nsAeYsERasgns1ed tuanakasdsyglnihasluilioawiuasiinnisdnsesiadiganiae
UnAnaunaziiauulnilininseyin nsguansyseq (Discharge current) Ninlavaugyinnig
anasasliiuauIulzgnisendt nseuaflnanlsdiudu (depolarization current, idepol) N3EW
Alnanlsdietuaziissduseney 2 @ Ae 1. nzuan1 U TinRaynsa (capacitive discharge

- = < A oa X ! v A o = v
current, ic(discharge)) T UNTTLANLAATULATAAIRE1 T UTITIUlA LA IElin AN YL
IS o/ aa 6 o 1 5 k4 U v

witloufiunszuaaU@nnvesnszualnalsdiedunatvinssiuiy wag 2. nsiaueyreauduy
fav159 (absorption discharge current, lan(ischarge)) F0sunsvuaniiagelugausnuaziile
nsanedszaliiuauiusisluizes ] nTvkanind1iasiinanas nzualelgeUduRayiiall
Jzilnuanuasiniaununssuatelyelturasnsswalnalsdiwduusasdvinsetiudu
dmiunseuanlnanlsfintuazlifiosrusenauvesnseuanisinliinasnszuasilvasivey
mgiiiasanninisveatdeunssduliivauiuwdy nszwanlnailsdatudeulansaunisy (5)
wanszualnatlsdigdunasnszuadlnanlsdiwtunialauanadagui 2.15

Idepol = Ic(discharge) + Iab(discharge) (4)

lgepor (1) =—CoVo [ F(t)—f (t+T¢)] (5)

T, fio szuznaniinsiewsuliiuingvegey
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nIsua I

= d .
nszuadiwan lsdasu

JUN 2.15 nszualwanlsdwdusaznsvuaninanlsdiudu

Waiansanaun1sn (1) kag (4) wuii ausaninsekanisiinilunsujualaleg
nsunszuaninatlsdietuninlaunaveonannssualnanlsdrduninlalunisu fus

|con(practical) 3 Ipol(practical) - Idepol (6)
Icon(practical) = Ic + Iab Icon 5 II C lc(discharge) e Iab(discharge) (7)
Icon(practical) = Icon + |I (8)

¥
= v

2.5 AYUN15899 (Polarization Index, P.l.)

sufinsitudusudsnieiildfuanuisuetnunsvaneluniagaamnssulung
thunldUssiliunmuamauiutenaesdnsnanyuissdugs el snnsgiu (1] 6o ndei
msfitavosmuureiedosinnaviuussiugalian dinsidadesmsdiusesnudiumy
QUALALUNTT 10 (IR10) 8 ANUFUMIMLRUAILAUAT 1 (IR) waginasgiu [11] THuugtien
P.1. isflandianmsasessulddmivauiuveaniesdnsnanyul i 2

p_|_:|R_10 9)
IR,

FIANUATUNIURUIUAUNNN 10 1AL RTIEIUTDINTIIUNAADU (Vies) ADNTEUA
Inanlsgetunialanurfii 10 (Ipoio) WALANUATUNIURUIUAWTN 1 TAunandnsidau
oslsRUNagaunsnszualnalsgatuninlanuniii 1 (Ipoiy)

IR, = Vies (10)
pol (10)
Vst (11)

R =
pol (1)
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e d' v o o v A = 7 1 v o v ¢ v Y
wnanstiluenansianulidmsunisldnuienisnwivinuu ldeygslmihluldusslemisunisen

Lidnsallas viedu BnnsinudlidauUanilon wazdesdnadaduivesenarsynassinisuntuly



uni 3

N1INA§E8U

Ingndnusatiuilihnmsliesgauiurestowosiaziaiostidaliiiussdugalag
WBnstanszualnarlsdistunaznszuadlnailsdiedunioniadnwinavesgungiuas
AT uTeIEnNLIndBNs N Sadey TneAnendnudildulansvaaevesndy 2 du Ae
1. msneaeuluieslfUAnTs uay 2. nsnadeunaau dmsunisneaaeuluriesUfuians
lavinnisnaaeuinnseualnailsdiadunasnsehaminanlsdaduveavnaindnmesved
mamaﬂuamwmma”auﬁﬁqquﬁLLazmm?gwmﬁ’uLﬁaﬁﬂmmamaaqzumﬁuasmm%mm
annIndeusnIIadaUkaznssIasinsdanwiiaidusegidunisldnszualnanlss
wiuuaznszuadlnailsiintulumsinssiauuvenaiasdnsnavyunswiugs uazdmsy
nsnegeuluniaauy lainisnegeudianseialnalstaduiasnseuaninailsdwduves
wisaamasvanasasfudaliiinazvinsnageuianssualnailsdodunaznszuan
Tnanlsfiwtuvosuainedneutasndanssurunisiusnalnlu ndeuanadeuinnssua
Inanlsfiedunaznssuafinanlstimduromeinefauununmsgeniizedne ilewanslviiu
faAnuEIN1savesnstensrialnanlsdwdunasnsead lnanlsgwdulunisiasieianiu
youAdosdnsnanyuusfugs il Meazidenveanisvaaevluldazdiuaglinandily

AYNA
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3.1 seedanseudlnanlsddunasnssuanlnalsdigdu (PDC Analyser)

dmsunisnaaeuianszualnailsdiwtusasnssuanlnanlsdiwdunsluiosufuinig
waglunieauiy lavihmsianszualnanlsdiwdulaznszuailnailsdiutuvesingnageulag
lHpTasinnszualnansisdiwduuaznseuaninatlsdiadu (PDC Analyser) [12] dawandlugud
3.1

5UN 3.1 yawnserinnszualnanlsdietunasnseuaninanlsdiadu

Tnen

& =~ @ 4 1Y)
) A WIIIANSEAlNAN ST TTULAY

ATELaR A sBLYTu 3) Ao @18 ANTYLa
) A9 AIDIIYLIINUNAFDU ) AD ANYYRTIAU

A A L3
M) AD @1UAIUAN 2) AD @1UNT1IN



22

o/ .1 v = 1 v

3.2 nsnegaudanssualwanlsddunaznssuanlnanlsgiudulu

t%4 a va

naIufuUaANIT

dmiunineasuluriesdjUanis lvinnisnegauinnszualnanlsdiutusaznizuas
InanlsdiduiiefAin¥Inave g inar AN TUYDIAN TNLINABNABNITNAFBULALYIINTT
Paemnsdfnviiedumegidunsldnszualnailsdiudunaznszuaninanlsdio dulunis
TATIENRUIUYDNATOANTNANYULTIRUES Tun1snaaeuluieslfiinis ledweainanes
voaamesniledni 3 wla NRAaLsAU 6.6 Alaliad uaziiseiuduresauiueglutu F 49
wansluguil 3.2 §1uau 2 vn wldiluingnegeuveinisvageu

5UN 3.2 wnainammesililunisveasy

nsnaaeuinnssualnaibsdirtusagnssuanlnattsdiotulurotufiAinisgnuus
ooy 4 msvnasudey sl
1. ANSNAdBUInNTLLalnat ls oL et uLasn I han lna lsd gt uUaIunaIndLALADS b
ammmé’auﬁﬁqmmﬁLmﬂﬁmﬁu
2. nMsnagauianseialwanlsdiatunasnsyhanlunanlsgiwturosvnaingininesiy
annwIndeuTifin i uLAnAn Ay
3. nsnnaeuianseualwadlsdidulaznszuarlnanlsiedure waanamnesiinuTy
oengluiilonuny
4. myneaeuTanszualnailsfedutarnssuaiinatlsdsiuresaainamme i auiuldsu
Anusauivgmilldanu

FaeazidenvadsaznIsagaudaadusasalul
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3.2.1 mnadaudanszualnanlsdigdunaznssuadlnanlsdigduvasvnadn
amnasluanmuandeuiiligamaiiunnsnaiu
dmiunanaasulude 3.2.1 IinquszasdifiovnnisAnwinavesgamgives
anmuwndeusenszualnalsfietunaznszuaiinalsfieduvesauiuvesadosinsnanyu
wsadtugs Taglumsvaaout ldvhmavaaoutanseualnatlsfistunasnssuarlnanlsdidu
ypavnAInaLALAesveNaLnasiauluegluan niluan nuindeudidgungll 30 a9
waldua danutuduing 60% eufufiguvnd 20 ssaneaidea fnududuing 639%
il nsnaanul 3.2.1 azvhlvnsuiegungivesanmwandondimanzaslunisiinig
nagouinnszualnanlsdistunaznszuaninanlsdwturosnainainesiuresufuifinig

3.2.2 mnageudanszualnanlsdiwdunaznssuanlnanlsdiwduves
ansananmesluanmwandauiifinnuduuandiediy
dmsumanadevluda 3.2.2 HfnguszasdiiierinisAnsmaresnutiuges
anmundensenszualnailsdiedulaznszuaninanlsdisturesauruvouniosdnsnansu
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Abstract

This paper presents the diagnosis of stator bar insulation
characteristic of generator by polarization and depolarization current
(PDC) analysis. The diagnosis process was started with the measuring
of PDC of two roebel stator bars which were different in insulation

characteristic. Then, the PDC analyser evaluated the measured currents

41

to compute Polarization Index (Pl), Dielectric Dissipation Factor
(DDF) and Capacitance ratio (C ratio). These parameters were analyzed
and compared with PDC value to evaluate the characteristic of the stator
insulation. In this paper, experiments were divided into three cases
testing with various stator bars, the first case was experimented with
the good insulation bar, the second case was tested with the moisture
insulation bar and the third case was examined with the damaged
insulation bar. The experimental results showed that PDC can identify
the aging of an insulation. Only Pl cannot be used to analyze and

diagnosc the insulation characteristic cffectively.

Keywords: Polarization current, Depolarization current, Generator,

stator bar insulation
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PDC Analysis for Evaluation Motor Insulation

P. Thonginta, N. Pattanadech, and P. Yutthagowith

Abstract— This paper presents motor insulation evaluation
by analyzing polarization and depolarization currents (PDC) of
motor insulation. The insulation evaluation begins with
measuring PDC of the motor insulation before and after
rewinding by using PDC analyser which is a special tool for
measuring PDC. Then, measured polarization current will be
used to calculate polarization index (P.L) which will be used to
evaluate the motor insulation together with PDC analysis. The
experimental results show that PDC analysis can be used to
evaluate the motor insulation efficiently.

Keywords— Polarization current, Depolarization current,
Polarization index, Surface contaminant, Motor insulation.

I. INTRODUCTION

Nﬂwadays, many techniques have been applied to evaluate
rotating machine insulation such as insulation resistance
measurement, partial discharge (PD) detection or hi-pot test
etc., but these techniques make the insulation undergo high
level of test voltage. Therefore, the insulation can be damaged
by test voltage, or aging level of the insulation can be
increased by test voltage, also. To avoid these problems, the
insulation evaluation technique of which test voltage can
neither damage the insulation nor increase the aging of the
insulation should be studied.

The insulation evaluation using polarization and
depolarization currents (PDC) is an interesting technique due
to low level of test voltage, so the insulation will not be
damaged by test voltage, and aging of the insulation will not
be increased by test voltage, also. For these useful reasons,
this paper, thus, presents motor insulation evaluation by PDC
analysis.

II. THEORY

A. Polarization of Dielectric

When an insulation undergoes the DC voltage, molecules
inside the insulation will rotate themselves corresponding to
the static electric field resulting from the DC voltage and then

This work was supported in part by King Mongkut’s Institute of
Technology Ladkrabang Research Funding No. KREF055706 and by the
Thailand Research Fund under grant No. IRG5780006.

P. Thonginta, N. Pattanadech, and P. Yutthagowith are with the
Department of Electrical Engineering, Faculty of Engineering, King
Mongkut’s Institute of Technology Ladkrabang, Bangkok, Thailand, 10520
(patcharee. th24(@gmail com).

the polarization current can be measured, but if the DC
voltage is disconnected, molecules which once rotated
themselves corresponding to the external electric field will
again rotate themselves back to the original state and then the
depolarization current can be measured. The polarization
current (7o) can be shown in (1);

f,,,,;(n:cu/:.[%s,,, 8(t)+ £(1)] 1)

where, C, is the geometric capacitance of test object.
V_ is the DC voltage supplied to the insulation.
o, is the pure dc conductivity of the insulation.
&, 18 the vacuum permittivity.
£, is the relative permittivity at £ =7, .
d(t) is the delta function arising from the suddenly
applied step voltage at £ =1,
Jf(#) is the dielectric response function.
t, is the time which the DC voltage is initially
supplied to the insulation.

According to (1), the polarization current contains three
terms: The first one is related to the intrinsic conductivity of
the test object and is independent of any polarization process,
the last one represents all the activate polarization processes
during the voltage application, and the middle part with the
delta function cannot be recorded in practice due to the large
dynamic range of current amplitudes inherent with the very
fast polarization processes [1];

A

Cwrrent

Time

Fig. 1. The polarization current.

where, A is conduction current which is related to the first
term of the polarization current.
B represents the second term of the polarization
current in.
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C is absorption current which is related to the third
term of the polarization current.

The depolarization current (izepo) can be shown as (2);
Lot O)=-CV.Lf()-ft+T,)] (2)

where, T, is the period of time applying DC voltage to the
insulation.
B. Polarization Index (P.1.)

P.1. is one of parameters widely used to evaluate the quality
of the insulation of rotating machine. According to the
standard [2], there is definition for P.I. as follows. P.1. is
normally defined as the ratio of the 10 minutes resistance
value (IR1p) to the 1 minutes resistance value (IR;) [2]. The
standard also recommends the minimum P 1. value of an ac or
dc rotating machine winding insulation for operation that P.1.
value should be at least 2.

PL=—1 (3)

III. TEST OBJECT AND TEST PROCEDURE

A. Test Object

Three phases induction motor of which rated voltage is
6,600 volts was used as a test object in the experiment. Have a
close look to the stator winding of the motor before
rewinding, the dust was found on the surface of the stator
winding, so this motor is a good example for surface
contaminant case. Surface contaminant have been known as

Fig. 2.
contaminant at stator winding.

a) Three phase, 6,600 kV motor before rewinding. b) Surface

B. Test Procedure

The experiment began with measuring the polarization and
the depolarization current of motor insulation before and after
rewinding. Both polarization current and depolarization
currents were measured for 2000 seconds. Then, P.1. values
were calculated from recorded polarization current. For this
experiment, the polarization and depolarization currents and
the P.I. values were used together to evaluate the insulation of
the motor.

IV. TEST RESULTS

The recorded polarization and depolarization currents
before and after rewinding are shown as follows;
where, 1, stands for the polarization current.
idp stands for the depolarization current.

._.
s
l

10 Ipybefore

Polarization and
Depolarization Current (A)

.
=
)

idp yafter
'}

lﬂ-llll
10° 10! 10? 10° 104
Time (s)

Fig. 4. Recorded polarization and depolarization currents.

From Fig. 4, the polarization and depolarization current
amplitude before rewinding is higher than that after
rewinding, and calculated P.I. value before and after
rewinding is 1.53 and 4.58, respectively. The difference
between polarization and depolarization currents before
rewinding illustrate that the conduction current is very high,
and the high conduction current implied that motor insulation
has surface contaminant problem, and P.I. value before
rewinding is lower than the minimum P.I value
recommended by the standard [2]. For the polarization and
depolarization currents after rewinding, the difference
between polarization and depolarization currents illustrate
that conduction current is very low, and P.l. value after
rewinding is higher than the minimum P.I.  value
recommended by the standard [2].

V. CONCLUSION

From the experimental results, the currents before
rewinding show that the motor insulation before rewinding
has surface contaminant problem, which is consistent with the
physical observation of the motor. The currents amplitude
and P.1. values before and after rewinding illustrates that the
motor insulation quality after rewinding is better than that
before rewinding. Therefore, PDC analysis can be used to
evaluate the motor insulation efficiently in the case of surface
contaminant problem.
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Abstract

This paper represents ambient temperature and
humidity effects to polarization and depolarization
current of 6.6 kV motor stator coil. In this paper, the
polarization and depolarization currents of two stator
coils were measured at 2 different conditions. For the first
condition, the polarization and depolarization currents
were investigated at 20°C and 30°C of ambient
temperature with variant of ambient humidity. For the
second condition, the polarization and depolarization
currents were experimented at 60% of ambient humidity
with variant of ambient temperature. The experimental
results showed that an increase in ambient humidity and
temperature significantly increased the conduction part of
the polarization current and had a slight effect on the
depolarization current.

Keywords: polarization and depolarization current,
temperature effect, humidity effect, stator coil

1. Introduction

Nowadays, many methods, such as insulation
resistance test, partial discharge test and DC hi-pot test,
have been used to evaluate the quality of rotating
machine insulation, but these methods might put the
insulation of rotating machine at risk of damage due to
high level of testing voltage. Therefore, non-destructive
insulation evaluation method is very important.

Due to low level of testing voltage, polarization and
depolarization current (PDC) measurement is one of the
interesting non-destructive insulation evaluation methods.
Generally, many factors such as temperature, humidity,
degree of insulation degradation and so on effect on the
PDC of the insulation. For the aforementioned reason,
this paper proposes the effects of ambient humidity and
temperature to the polarization and depolarization
currents measurement.

2. Polarization of dielectric

When an insulation undergoes the DC voltage,
molecules inside the insulation will rotate themselves
corresponding to the static electric field, and the
polarization current can be measured while molecules are
rotating. After that if the DC voltage is disconnected,
molecules which once rotated themselves corresponding
to the external electric field will again rotate back to the
original state by which the depolarization current can be
measured. The polarization current (ipo) can be written in

eq. (1);
i (0) =CV, [i +e, 8(0)+ £ (0)] (1)

0
where, C, is the geometric capacitance of test object.

V. is the DC voltage supplied to the insulation.
o, is the pure dc conductivity of the insulation.
&, Is the vacuum permittivity.

€, is the relative permittivity at t =1;.

d(t) is the delta function arising from the
suddenly applied step voltage at t =t,.

f (t) is the dielectric response function.

t, is the time which the DC voltage is initially

supplied to the insulation.

According to eq. (1), the polarization current contains
three terms: The first one is related to the intrinsic
conductivity of the test object and is independent of any
polarization process, the middle part with the delta
function cannot be recorded in practice due to the large
dynamic range of current amplitudes inherent with the
very fast polarization processes, and the last one
represents all the activate polarization processes during
the voltage application [1]. The component of the
polarization current is illustrated in Fig. 1.
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Current

Fig. 1. The polarization current.

where,

A is a conduction part of the polarization current which is
related to the first term of eq. (1) and leakage current of
the test specimen.

B represents the second term of eq. (1).

C is an absorption current which is related to the third
term of eq. (1).

The depolarization current (igepor) Can be expressed in eq.
(2);

fgepol (1) = —CoV LT () — F(E+TC)] )
where,
T. is the period of time applying DC voltage to the
insulation.

3. Experiment

In the experiment, polarization and depolarization
current measurements of two stator coils were performed.
The first stator coil and the second stator coil were
experimented in condition 1 and condition 2,
respectively.
3.1 Test specimen

The two stator coils used in the experiment were the
spare parts of a fire pump induction motor rated 6.6 kV.
The stator slot of two stator coils was simulated by using
aluminum foil.

3.2 Test circuit and measurement
The diagram of test circuit is demonstrated in Fig 2.

3
N\ — 6 5

J?_S—/ 7J -

°
om ©°°

Fig. 2. Diagram of test circuit

1. PDC Analyser 5. Sensing current cable

2. Auxiliary voltage source 6. Phantom control cable
3. Dummy Slot 7. Ground wire of Phantom
4. High voltage wire 8. Slot to ground wire

3.3 Test procedure

Polarization and depolarization current measurement
was performed by the following steps. First, the test
specimen was discharged by which the discharging
current was measured. After discharging current was low
enough, the second step was continued. For the second
step, 100 DC voltage was applied to the test specimen to
identify the appropriate test voltage for the measurement.
Then, the measurement was completed by applying the
appropriate DC voltage to the test specimen, and the
polarization and depolarization currents were measured.

4. Test results
Test results from the experimentation are as follows.

Condition 1.1: The effect of ambient humidity on
polarization ~ and  depolarization  currents  was
experimented at ambient temperature of 30°C and
ambient humidity of 57%-73%.

LO0E-07 = —
— —
[ - ]
_ LO0E-08 =
< =
E (T~
g I o
© 1.00E-09 |f—o—n
1.00E-10
1.00E+00 ~ 1.00E+01  1.00E+02  1.00E+03  1.00E+04
Time (s)
(@)
1.00E-07

1.00E-08

57%

Current (A)

1.00E-09

||||||ﬂ.||||| L]

1.00E-10
1.00E+00 1.00E+01 1.00E+02 1.00E+03 1.00E+04
Time (s)
(b)

Fig. 3. Polarization and depolarization current of the stator coil tested at
30°C ambient temperature with variant in ambient humidity
(a) polarization and depolarization current (b) depolarization current

Fig. 3(a) depicts an increase in the tail part of the
polarization currents when ambient humidity changed
from 65% to 73%, and Fig. 3(b) shows a slight difference
of the depolarization currents.
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Condition 1.2: The effect of ambient humidity on
polarization and  depolarization  currents  was
experimented at ambient temperature of 20°C and
ambient humidity of 60%-68%.

LOOE-O7

> 68% |
1.00E-08 g
< 7> 60%
£ 1.00E-09 4
g
B {
o — &
1.00E-10 b
-
1.00E-11
1.00E+00  1.00E+01  1.00E+02  1.00E+03  1.00E+04
Time (s)
(@)
LOOB-07 e
|
s =
< Ks
< s
§ LOOE-09 60%
5 | ‘
] | 5
1.00E-10 b’
-
1.00E-11
100E+00  1.00E+01  L.0OE+02  L1.00E+03  1.00E+04
Time (s)
(b)

Fig. 4. Polarization and depolarization current of the stator coil tested at
20°C ambient temperature with variant in ambient humidity
(a) polarization and depolarization current  (b) depolarization current

Fig. 4(a) represents a little increase in conduction
current when ambient humidity changed from 60% to
30%; meanwhile, Fig. 4(b) shows a complete overlap of
depolarization currents.

Condition 2: The effect of ambient temperature on
polarization and  depolarization  currents  was
experimented at ambient humidity of 60% and ambient
temperature of 20%-30%.
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Fig. 5. Polarization and depolarization current of the stator coil tested at
60% ambient humidity with variant in ambient temperature
(a) polarization and depolarization current (b) depolarization current

Fig. 5(a) reveals an increase in the tail part of
polarization currents; that was, the conduction part of the
polarization current had been substantial increased when
ambient temperature increased from 20°C to 30°C, and
Fig. 5(b) shows a slight increase of depolarization current
of the mentioned condition.

5. Conclusion

From the experiment, it can be concluded that an
increase in  ambient humidity and temperature
significantly increased the conduction current of the
polarization current and has a slight effect on the
depolarization current.
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Abstract

This paper presents the medium voltage meotor insulation diagnosis by using polarization and depolarization current (PDC)
measurement. In this research, three stator insulation problems, contaminated insulations and damaged insulations, were analyzed
and categorized into 3 cases. Case | are service — aged stator insulation problems, which is absorbed moisture stator insulation with
dust contaminant, found during the operation of the motor. For case 2, oil spill problem was simulated by smearing lubricating oil
on the surface of stator insulation. In Case 3, damaged insulation problems were simulated by making one hole and two holes on the
surface of stator winding insulation. For case 3, there were 2 sub cases. The first sub case was one hole damaged on the insulation
and the second sub case was two holes damaged on the insulation. Test results show that PDC measurement has good sensitivity to

dust contaminant and absorbed moisture problem.

Keywords: motor, insulation, polarization current, depolarization current

1 INTRODUCTION

Electric motor is one of important electric apparatus used in
electric power system and industry, so it is important to prevent
the electric motor from any risk of being damaged. Generally,
it is known that many motor failures occur from aging of the
insulation of stator winding, Therefore, the stator winding

insulation is considered to be one of important parts of the motor.

To prevent motor from any failures due to the aging of the stator
winding insulation, many insulation diagnosis technique, such
as partial discharge (PD) test, insulation resistance test, hi pot
test, etc., have been applied to verify the quality of stator
winding insulation, but these techniques makes the insulation
undergoes high electrical stress. Therefore, the insulation might
be damaged and the aging of the insulation might be increased.
This paper presents the motor insulation diagnosis by using
polarization and depolarization current (PDC) measurement
which is a modern well-known insulation diagnosis technique
in this decade. The PDC measurement was accomplished by
using PDC Anslyser [1].The key advantage of the analyzer is its
ability to measure both polarization and depolarization currents
in the range of 107" A [2]. Therefore, the insulation test under
low testing voltage is possible. Due to low testing voltage, the
electrical stress thus cannot damage the stator winding

insulation of the motor or increase the aging of the stator
winding insulation. In this paper, three motor insulation
problems were analyzed by PDC measurement. The first
problem, which was the first case in the experiment, was
absorbed moisture and dust contaminant problem which was the
service — aged stator insulation problem found in the motor
during the operation. The second problem, which was the
second case in the experiment, was simulated by smearing the
lubricating oil on the surface of the stator winding insulation
and the third problem, which was the third case in the
experiment, was damaged insulation problems simulated by
making one hole and two holes on the surface of stator winding
insulation. The third case was categorized into two sub cases.
The first sub case was one hole damaged on the insulation and
the second sub case was two holes damaged on the insulation.

2 THEORY
2.1 Polarization in dielectric
When a DC voltage is applied across the insulation, molecules
and free charges inside the insulation will respond to the applied

voltage. The charge distribution in molecules and the free
charges will be shified by the applied electric field. The positive



charges of molecules and the positive free charges will displace
toward the applied electric field, but the negative charges of
molecules and the negative free charges will displace in the
opposite direction. The mentioned shifting of the charges inside
the insulation is called the polarization process of dielectric, and
when the polarization process occurs, the shifting of the charges
inside the insulation will result in the polarization current
simultaneously. Then, if the DC voltage is disconnected from
the insulation, and the appropriate short circuit is applied to the
insulation, the charges distribution of molecules and the free
charges will align themselves back to the original state as being
before applying voltage to the insulation. The shifting of the
charges distribution and free charges after applying short circuit
to the insulation is called depolarization process of dielectric.
When the depolarization process occurs, the shifting of the
charges inside the insulation also results in depolarization
current. The polarization current (i,./) can be written in eq. (1);

ip“,(t):CnV(_[%-i—em 8(1)+ £(1)] (1)

0

where, C, isthe geometric capacitance of test object.
V. is the DC voltage supplied to the insulation.
G, isthe pure dc conductivity of the insulation.
&, 1s the vacuum permittivity.
&,, isthe relative permittivity at £ =17, .
3(t) is the delta function arising from the suddenly
applied step voltage at f=1.
f(t) is the dielectric response function.
t, 1s the time which the DC voltage is initially

supplied to the insulation

According to eq. (1), the polarization current contains three
terms: The first one is related to the intrinsic conductivity of the
test object and is independent of any polarization process, the
middle part with the delta function cannot be recorded in
practice due to the large dynamic range of current amplitudes
inherent with the very fast polarization processes, and the last
one represents all the activate polarization processes during the
voltage application [3]. The depolarization current (igepos) can be
expressed in eq. (2);

where,
T. 1is the period of time applying DC voltage to the insulation.

2.2 The components of measured polarization current

The measured polarization current (ipoi (measuresy) cONtains three
components. The first component is conduction current (7con).
The conduction current is the summation of the leakage current
(i) and the conductance current (i) through the insulation
volume [4] and appears only when the DC voltage is applied to
the test specimen. For the conduction current, the conductance
current is the result of the shifting of free charges in polarization
process and relates to the first term of eq. (1). The leakage
current arises from the surface contaminant, such as conductive
particles or surface water, of the test specimen. The second
component is capacitive current (ic). The capacitive current will
decreases exponentially with the time constant equal to the
product of the capacitance of the test specimen and the
instrument resistance [4]. According to the short period of the
capacitive current, the capacitive current will not influent to the
overall measured polarization current and the capacitive current
is related to the second term in eq. (1). The Third component is
the absorption current (i4) which is a result of shifting of electric
charges in polarization process. The absorption current is an
inverse function of the time [4], and it is related to the last term
of'eq. (1). The polarization current component can be illustrated
in Fig. 1.

l pol ( measured ) . l('rm + lC + IA ( 3)

Imn N lG +1L

(4)

Relative Current

Time

Figure 1. The components of the measured polarization
current illustrated in log — log scale

From Fig. 1,

A is the capacitive current.

B is the adsorption current.

C is the conduction current.



2.3 The component of the measured depolarization current

The depolarization current contains two components. The first
component is capacitive discharge current which decreases
nearly instantaneously. The second component is the absorption
discharge current. The absorption discharge current has the
same characteristic as the absorption current of polarization
current, but the absorption discharge current has the opposite
polarity to the absorption current.

0 7. = " Time
| 7
/

idepol

Figure 2. The polarization and depolarization current
3 EXEPERIMENTATION
3.1 Test specimens

In the experiment, the PDC of 6.6 kV 3 phase induction motor
was investigated. The experimented motor was electric motor
used in fire sprinkler’s system and didn’t operate for long time.
From visual inspection, a lot of dust was found on the surface
of stator winding insulation. Therefore, this motor is considered
to be a good example of dust contaminant stator insulation
problem.

Hi )

Figure 4. The dust found on the surface of stator winding
insulation

3.2 Test arrangement

Commonly, PDC measurement has 2 types of test arrangement.
The first type is phase to ground type and the second type is
phase to phase type. Phase to ground type is used to investigate
the PDC of phase to ground insulation and phase to phase type
is to investigate the PDC of phase to phase insulation. Two
types of test arrangement are illustrated in Fig. 5.

Test Object

j= ]

(b)

Figure 5. Test arrangement for PDC measurement of phase to
phase insulation (a) and phase to ground insulation (b) [5]

From Fig. 5, iy01 stands for polarization current. igepor Stands for
depolarization current. SW is switch. V. is DC voltage supply.

In this research, phase to ground insulation was examined, so
the test arrangement used in the experiment was phase to ground
type. For the test specimens, stator windings of the motor was
connected in the star connection. In case 1, three phases to
ground insulation was investigated. For case 2 and case 3, the
neutral point of the star connection was separated, so one phase
to ground insulation was investigated.

A) three phases to ground insulation investigation In three
phases to ground insulation investigation, the DC testing
voltage was applied to all three phases simultaneously, and the
stator frame of the motor was grounded.

B) one phase to ground insulation investigation In one phase
to ground insulation investigation, the DC testing voltage was
applied to the interested phase, and the other two phase are
isolated from ground. The stator frame of the motor was also
grounded.



The test arrangement diagrams and test circuits are illustrated in 1) PDC Analyser 2) Test object

Fig.6toFig9. 3) Control cable 4) High voltage wire
@<_\ r ! 5) Ground wire of PDC Analyser 6) Current sensing Cable
| @ 7) Ground wire of test object

8) Auxiliary voltage source

3.3 Test procedure

%

! PDC measurement was performed by the following steps. In the
first step, the insulation under test is discharged. Wait until the

PDC +
Analyser D_ij

@ @ discharging current is low enough or stable. Then, the second

/ step is performed. In the second step, the pre testing voltage is

Figure 6. three phases to ground insulation investigation applied to the insulation for short period, and the insulation is
diagram discharged again. In the second step, the testing voltage is

determined based on the clarity of the PDC test results. After
testing voltage is determined, the PDC measurement is
performed. In each case, the PDC were measured for 2,000

@ @
|
seconds and testing voltage of 100 V was used.

1
|
!
|
@ | 4 TEST RESULTS
+___

|
|
|
g f V/
LUpT i : I /'"® In this paper, the PDC test results were shown in log — log scale.
Analyser = |

T 7T Yf—=-K- The solid line indicates the polarization current.
@ @ The dash line indicates the depolarization current.

Figure 7. one phase to ground insulation investigation
diagram

&

Case 1: Absorbed moisture stator with dust contaminant

For casel, the PDC of the motor were measured before and after
rewinding, and the test results were compared. The PDC test
results of case 1 are shown in Fig. 10.
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1.00E-06 7
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Current (A)

Figure 8. Test circuit for three phases to ground insulation
investigation
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Figure 10. PDC of motor A before and after rewinding

From Fig. 10, both polarization current and depolarization
current strongly decreased after rewinding. Beside, clear
difference of the polarization current compared to the
depolarization current before rewinding clarified that the
conduction current before rewinding was very high.

Figuré 9. Test circuit for one phase to ground insulation
investigation



Case 2: Absorbed moisture stator with oil spill simulation

In case2, lubricating oil was smeared on the surface of stator
winding insulation of the interested phase. The PDC
measurement was performed before and after smearing the
lubricating oil and the PDC test results were compared. The
PDC test results are illustrated in Fig. 12.

-~ y 4
Figure 11. Lubricating oil applied on the surface of stator
winding

1.00E-05

1.00E-06 /

b

after

*
1.00E-07 /
7 5

before \
1.00E-08

LOOE+00 1.00E+01 1.00E+02 1.00E+03 1.00E+04
Time (s)
Figure 12. PDC of Motor A before and after applying the
lubricating oil

Polarization and Depolarization
Current (A)
4

From Fig. 12, after smearing lubricating oil on the surface of
stator winding insulation, both polarization current and
depolarization current slightly increased. In this case, short time
applied lubricating oil on the insulation surface (about 1 hour)
may very slightly affect the PDC.

Case 3: Damaged insulation problems

Case 3.1: one hole simulation on the stator winding
insulation outside the slot portion

In case 3.1, damaged insulation problem was simulated. The
problem was simulated by making a 3 mm hole on the surface
of stator winding insulation of interested phase outside the slot
portion. The PDC was measured before and after making the
hole and the PDC test results were compared. The PDC test
results of case 3.1 are shown in Fig. 14.

Figure 13. one hole damaged on the surface of stator
winding insulation
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Figure 14. PDC of motor A before and after making a hole

From Fig. 14, the PDC test results showed that both polarization
current and depolarization current before and after making a
hole had slight difference. In this case, the hole had a slight
effect to the PDC.



Case 3.2: two holes simulation on the stator winding
insulation outside the slot portion

In case 3.2, damaged insulation problem was simulated. The
problem was simulated by making two 3 mm holes on the
surface of stator winding insulation of interested phase outside
the slot portion. The PDC was measured before and after
making the holes and the PDC test results were compared. The
PDC test results of case 3.2 are shown in Fig. 16.

Figure 15. two holes damaged on the surface of stator
winding insulation
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Figure 16. PDC of motor A before and after making holes
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From Fig. 16, the PDC test results before and after making the
holes had slightly difference. In this case, the holes had a slight
effect to the PDC.

5 CONCLUSION

The PDC test results of case 1 shows that PDC measurement
has good sensitivity to the dust contaminant and absorbed
moisture problem. For case 2, according to short time applied
lubricating oil, PDC measurement thus shows a very slight
effect to this problem. For case 3, according to the small size of
the holes, thus the hole have a slight effect to PDC.
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