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ABSTRACT

This thesis presents a study on partial discharge (PD) testing to analyze the
behavior of partial discharge phenomena in the insulation systems of stator
windings in rotating machine. The investigation begins with stator windings produced
at the factory for a combined cycle power plant generator with a rated voltage of
11 kV and a power rating of 50 kW. The objective is to examine the defects and
characteristics of partial discharges occurring in the stator winding insulation.
Additionally, to study the patterns and causes of abnormalities in the windings due
to PD, laboratory experiments were conducted on sample stator windings from a
hydroelectric generator with a rated voltage of 13.8 kV and a power rating of 111
kKW. These stator windings had been previously installed and subjected to simulated
stresses such as over-thermal stress, mechanical stress, and stress due to moisture
and contaminants. The test results were then compared against the IEC60034-27-1
standard. The collected data were further analyzed and applied to the maintenance
testing of PD in large rotating machines within the power generation industry. This
included three high-voltage turbo generators and three high-voltage motors.
Ultimately, the study applied PD testing for preventive maintenance under various
practical constraints, demonstrating that PD testing can effectively assess the
insulation system's abnormalities in a high-voltage motor. The research also found
that the test circuit, including the application of voltage and the installation of

overlapping capacitors at the opposite ends of the windings, helps filter high-



frequency noise signals from the measurement system. Moreover, the duration of
the test significantly impacts the analysis and evaluation of the results. Specifically,
the PD magnitude and PD pulse shape are critical. Therefore, conditioning with a
test voltage for at least 5 minutes allows the discharge to stabilize, enhancing the
reliability of the measurement results and reducing errors in the analysis and

evaluation.
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Uszinnesvnainlawes lnaluesasdnsnanyuinauudsdasia uazos@alasta Jal
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== Squirrel Cage Induction

== \Wound Rotor Induction

p— Motor —
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(=
= — Synchronous
)
©
=
on
C | e Permanent Magnet
=
©
+—
2
::) Round Rotor

— Generator

Salient Pole
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2.1.1 Squirrel Cage Induction (SCI) motor

Tsimesazasrsaunuuwiminlaensmienilihnszuaaduifdnvazadne
wifoudaslylihannisiuvesemnanines diunemesnssuaadusiledilidumlumnian
aralnniuvesame fvlenhuuunsnszsoniuilasadnefl Soudheuasumy duans
Tuguil 2.2 Tnefimnusivedsines axdrnianuiddasiavesaunuusimandiidmyuly
Yovivorniafiinanunanamnes soweiussaniamsailuldnuieunnsuuuud

< 14 1 [ o a < £%
Juldld wu msguresvan finay seuuaemuaifes n1sun nMswaw [usy [2]

JUN 2.2 lsmasuuunsensgsen (Squirrel Cage Induction) YN BLABSHINES

2.1.2 Wound Rotor Induction Motor

wainaiuseLanil lswesazgniumernainiuauiu tavaieiiiiazgnae

6 1 a - X ° & s PN °
panaNlsmesHIuLIuEaU (slip ring) Tunisvieiutunseualnianaininesaz il
Wnglaned WUREITUNBMBSKUUNTINTETN WANBINDTLUUIIMITADTANUITAAIUANYTD
nnnsenalurnanlsmastalnaldanusiuniuneuantuuaay dawmasussLnniild

ABUTIUREILDIINARITIN TN TS WL NRNAmMSULINaaY (2]

2.1.3 Synchronous Motor

¥
ca a

vownesiinszuansslnaniurnadnlsines Tnoldudsedu teadna
aususimannsyuansdeinisadestuauuuimaniifdmyuainaames sililsnesn
yulagenandrnduiusiunuiveanszudlinszuaaduiiunanainnes lnefinnaniaves
Tawef whivaudidslasda uasduegfudnnudialanefuazanuilnih faosisvanlu

AN55UNTEWaNTILULSADS TAeTaRUeIURLRsTIlASTARABLANNTSWANTEIINUDEVULENISN

WewSeuisuiunemosuuunIINIson warAIINEILAINUINNTY UBNIINT Fumu



wasulun1sianudanindt 1Wearinn1susunseuansaveslsnes asvilvisnaiunse
Usulgamusznauiassaainesly gramnssufidenunldlaun gaaimnssusaman
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SIEMENS

UM 2.3 vewasdidasialugnainssuiaman

2.1.4 w3astianinudingalsines (Round Rotor Generators)

wrasillalniihyiinsndlsmesviosiinnsinszuen mdizdmsuldanun

< & ] ! X = & saaa YA |
AIHLEITOUFIRILA 1000 seusowivuly iawinTulsinesniiadeudussudasdian
NsgaydeLiesaInuswuaNUSIMYeI s Enidlanaiivanmes lnensunswedlsinesi
Seudthglifilasiaiiuduswnndn Weegaelduswmemil qudnansgaiiinluvnse
Tdnufinnmsage Jaunsasusenin eseardudalwibuuumesiu’ dndumedviuuianie

[

faiuloth MiAf&wnnGe 2000 MVA (2] dsuanslugui 2.4
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N
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2.1.5 inspsidalninwiingaiu (Salient Pole Generators)

¥ (% o
v A o a o [ 1

sasn el vdnlsimessintrturinazfnfsunaintinauiuLiiantaas

(%
Y [y

TIlIuuunuman Jalvauusnuirinduiaziuvaniiun lnegnindesiniuuiiunlaeseu

mesuaaiﬁma%ﬁaLLam‘LugUﬁ 2.5 Tnenluuduasostidenlniedaiasvinufianudiseu
slaliAu 1800 seusewd Wosnndnsardwidevnmniitueenuianmavestsined vinls
\Rnvosinermassninssinesiuammesiliaiiaue 1Annsgadeidesainussimueinie
Aty feiilunsldnueiosiudalniihsdntaiuaziinnugiseusniniasndlsned 9

[y [

Jouldiulalasmaslutnyinaumennusiseus InelRinsidauinds 1000 MVA [2, 3]

JUN 2.5 Tswesylindaguveaasesiilalilih

2.2 1AS9A5195UURANIUVDIVARINFLALADS
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Y

1A338519909V0AIAALALADS ALFANAR 1 kW T3 10,000 kW Taafiugiuwad

aunsanuseanlaldu 3 Ysenn fadl

2.2.1 YARINEALNBTINULUUEY

s o

YARINAAADSIHULUUANUTENBUMILANNNBIUAIVLAUIUNTUBENS FiBiilaq

HutesadenluLnuamasiiioadaunadn deguil 2.6 lnendnn1suaILAazsauveIaIn
AUINDILANANNITNINMULFUAUAINAININOUAIDY 9 Tu YnatnlaglituiusEiy
wsanulnihvedazsou YnadInawmme TN uLUUdulnazyinuNsEAU AinALsIiuToandn

1,000 V %58 3,300 V



UM 2.6 vAAIRAAMBTUUUANTRINBLADS

2.2.2 U9anaMnashuunasulviinnaea

feylddmiuiasesdnsnanyuiviaunssiuwsaiuliil 1,000 V w39 3,300 V

Tl wpandenavinunainaeedtawIunlasunistugunouldadlusesadenveaunuman
3 M v = v v o A o 1 ! - < - a L= !

amnas naanlasumstugulszneumemiimesuawiuegssellenduguaimasy vie

Sendngunselageud fsgun 2.7 lnedauiuiupaeniulvesunadn lngundudaznosd

3

A101500L9AILA 2 D9 12 59U Tun1eenkuy F9n1suansaslikdlainnsazseulunsudie

e

= 3

a o = o 1 o v P
919 Uaﬂﬂaﬂaﬂuquﬂ?’]llLLG]ﬂm'NGU'E’]ﬂLLEQWU1V\|W7U@EJV]?1®

JUN 2.7 wpmnaminasuuulosinniivesuanesuunn 5,400 kW

4

2.2.3 Unanammasuunasuinldviialsiuaduns

Aaao o w i

Lﬂ%@ﬁﬁﬂiﬂﬁﬂi{u‘ﬂmwﬂﬂﬂ']aﬂijﬂﬂ?’]ﬂigmﬂm 50 MVA ananalainasuuunesy

o

1mutusziivwn g Isenagldanvisaesvesassdludeaau ¢ Tuknuainmnesineluides

! = PN a 49{ (% [ ! | v gj a o a «
FEAULEYMENIINATNALLANTUAUABYATENINNTIE AU Lﬂﬁ@ﬂﬂ?LUﬂlWﬂW%UﬂﬂIﬂﬂﬂu

Ly

Uagturiunannasgduuun3eseu (half-tum) Fausenduinlsivaduis lnenisldresdiiies



v
[

AsufgnadlutasadanlunsazAse Fadnaninnisldrosdanstnady aesteadannsouiuagis

171 353931 dudstinnsidousan1elnidiioad1ipeudNuane 9@ 09v09UAAINALALA DS

wuurlesundvialsiuaduriuandluguin 2.8

oW \
raf -.a‘!h&\ W)

A
(n)
UM 2.8 (1) vamnaamaskuuwuunesiatuiialsivaduis, () Tsiwasuns (4]

2.3 AUANURYITZUUAUILVAAIARUUNBTUINN
sTULAUILTARINALADSUsEna Ul ssnouLay AnaN TR ILAN AN
fusilsiulalddrarlaiielnihdnnses Tagewdeuainnisgaydevesin (7R) azgn
szuweenuardniliduazifiousnusaindnlniii Tnoguf 2.9 uansuaadnainines
WUUBSUINIULALEIUNTNANTINTBIVAAINALALRDSLUUNB LI U YD IUAaEUNLIARES
Tnsunfaananimesiuunosuiiveilaesnesdden Twadenasdusznouiiugiuszuu

[

QUIUYDIAALADTHF I

Winding overhang Slot position winding
N >

Al

—
|
Conductor [ Conductor Conductor
| Strand insulation Strand insulation

Strand insulation

Turn insulation

Exposed Groundwall insulation
Polyester Tape

|- Turn insulation

|— Groundwall insulation

|— Exposed Groundwall insulation
|— Silicon carbine

|-— Polyester Tape

Turn insulation
Groundwall insulation
Semiconductive coating tape

JUN 2.9 laseaiasyuuauInYeanadnawmmesuuunesiil (5, 6]
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2.3.1 auuaEkATUA (Strand Insulation)

auuaknIUaiiedasiumsaniasseninsinesuas Uosiunansenuiiin
(Skin effect) lngauiuaknsuAazlATUAINEENIETENINNTZUIUNITNEANINNGAT DT 3]

LY Y]

AMANTRANIINANARALLTDIINAUIALATUABYAAAUAIUIMBILAITUINTELAZY AU

o
(Y (3

aunsuAslasuausaugRInnsgade (1PR) Asuauiuawnsunlsiesiinnautiniming

Soudiiene [7] fauandluguil 2.10
2.3.2 auaisu (Turn Insulation)

TnguszasavesaulwisuluvaalngnnoswuugulazuuunesuiAe
Wadesiunisdnsasseninseulunssduazivetnatgnisldniuvasvaainanmes Loy
anuisuazlasuAUATIAINAaNAALUNSEUINNISHARARYEHLLDIINNSARALILANE kAl

a 9 = = 2 v Y a & ° ¢
ANUATEANNIANTaTIRINNITaades (IPR) Tullaqududnawmmesazinawiu aunsun
WALRUIULAS UL TIUA UL VNN DUNALUNUIN LA ILRUIUNTIIUIDAA [8] TIVLANNBUNITHAR

wazluAunLielddaimesusnsfaziAnanuaual lun15919IuLIN NI

2.3.3 auauns1ueas (Groundwall Insulation)

sal 1

QU’JUﬂi’]’Jﬂ’J@aéL‘ﬁuﬁl’Juﬂigﬂ’e)‘UﬁLLEJﬂ(;]J’Jij’Wl’eJ\‘iLLﬂQ@Bﬂ‘{IWﬂLLﬂuﬁLG}LG}’Gﬁﬂ ?

aqamLazLﬁumﬁﬂizﬂauﬁijmﬁmwmamammwwm UAIUADASIUSNANILVDIRUIULAY

a1 <

UFuuseaInsin AL UL U NUINTAAYe I U Mo IuAsd S UNUNYesafonLne iy

(9] fauanslus Ui 2.10

2.3.4 d@1spaauLiNaanAuAseagauId lniin luauIunsIll0ad

& &, Ao w ¢ g v
ﬁ']iLﬂaE]‘ULUUﬁ’Ju‘UigﬂE)UV]a’]ﬂﬂJuiu53UUQu3u6U@Qsﬂﬂaﬁﬂﬂlﬁ]L@@i ‘V]ELGU\T]U

[
v o 1

usaslladin 50 Se 60 Hz fiffnnausd 6 KV 3uld uazluamineveeneifiduindeusie
IFD (Inverter-fed drives) Insfinthiivandonistesiuliliiianisfausaunsdiutuiusion
Hufveswaain, 1miaad’mmmﬂﬁa’mLﬁm;ﬁuagﬂuiwdwﬁuﬁwawma’mﬁu WNUALALADS
viofiusnauumswnmaiogindUarsunuaimnes lnonsindeuazdszneuluse 2 daumdn
Taun [8]

2.3.4.1 ansndauieiinlusasaden Wesnnlunszuiunisudauaziuauiuy
Y99UAanNzvINTUN18usnTasaaannaulzinlUld A lusesaden vinlvauiavesunainil
I3 ' v | < < v o v ¥ | I Py
YUIALANNIIANUNIVDITRIEAREN T8 Winlra1usaaanvnantbllusesadanls e
lddvnaianlulusesadon FUARYT999199INIATUTENINNURIVOIUAAIALALILNY ALALADS

winvaaIntuuiudenaldsuussiulniigmenagiilidesiiteniaiiinuilad
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Anueseaauuliingg d1gendn 3 kv/mm wavdawaliinisfaysaunsdiintutignis

I
(Y L3

HouaN LAz NEatuauunIIlleadlunan [7]

9

Slot wedge

Top ripple spring Top packing

Groundwall insulation
ICP
- Water tube

___Conductor strand

Stator core — ___Vertical separator

Midstrick packing

Silicon carbine

!
( >~ o

< L > _ Micatape / Groundwall insulation

Outer OCP /(& > -
5 < [
/ / | f— -
/
|

Mica-splitting layer e Turn insulation

InnerOCP~ conductive siot

SideripPlonagking Strand insulation

Stress Grading sygtem Bottor ;)mmﬂg ‘ = __ Copper Shod
.
JUN 2.10 neinvIvBITBIURRIRAmRRskUUNasINlusesaaen [10]

2.3.4.2 @15inaaudanaumIstua (Silicon Carbide Coating)

[
Y o w

asmdounennluariusenu1anlaltesesadenlinuiiuns wazdu

a Qllay £ a r-i" L o 1 Y a é’ ] 1% d‘ a
Unaiaugan1siuedansinfeuiaitazneliiiaveunudy demalviawiulnihiviiiu
Uansunauvesansiadounswiihifianuldainaseuasiinnesongsgaunsatiilig nis

a a & | v o = aa =1 a A
Aamsfarsavsdls unluldlagihasefoudaneunsluaiinldluguwuuresdvsemy
[10] Tngiiuriuiinunansesmsluusiauateasiaasunemil 1 cm. waziulagesnluau
Uargunadn 10 - 20 cm. lnganauUAvesalsiadavdanauaisluaineiiioninunien
aulvihiianasdy Janiazdeinnuauniudias iWednntddwaliluusiiusessiend
Anuaseaauuliiigs lnediuannudiagldiuunainamnesniiauseiu 6.6 kv auly

(11]

2.4 nsydendnImusIauINYnaInanas (Degradation of Stator Winding
Insulation)

syuvauwvenaiasdnsnanyuldFunseenuuuIlfiaauudeusaallih
wazynanaluanmznsihauund uadieauiuldsuanueseanisanuseu mslndh vena

WAZANNWINABNTIADY 9 AAAINAIINKTILTININATIL0D18NITIFNUVRRUILUITY Y58
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Juraannislasuuswiudsaluaniizding wu ussiuihminioussiuainga Jsonaiauwn

Tgnisiusnandluawiunsinhiead wazanuRansessenindniiuinuannes [9]

2.4.1 119A2185U (Thermal): 1#8931N2UIUVBILATEITNTNANY U]

(% v YV b =

drulsenou voeTanduvsd seuladudiuanudeuisdmansenusenisidenanin wasidu

Y

AIMNUABIYYDIAUIUANAUFUTUTVRS Arrhenius fiB Life(L) = A*exp(B/T) lagil L Ao
91gvesauIl Tumhetilus T Aogaungil uae A, B Aer1Asinvasianauiu [10, 12] Wy N3
Ua-UnvaaaTesvasnss nsidsunlasguuniiegreiuiiviule vsemsvihnungumaiigs

WuszruresawIudunaiuiy eravhliiinujiserendndunieiinnisvesdiivesiag

Ao a £ o ] ) A ) v a a
Vl@qLLﬂQWNﬁ@JﬂigaWﬁﬂqisﬂEJ’]EJW'JQQﬂ'J']Qu’Ju ﬂﬂLLa@ﬂquU‘m 2.11 aQNaIwLWNI@ﬂ']ﬁLﬂ@ﬂ'J']N

v
=

auwanvule [9, 13]

JUN 2.11 MNFARYIVBIAANBSUITTINDIUAILENDNANAUIUNTIAIBA

Wewnigdnsanuseu [14]

2.4.2 MR (Electrical): nsid@auaninyniabidndniinainnisfasnsa

1 Y o o s

U9dIU 9ULLDIN150999731991M 1A UANIUNTIITUIDAANTUST NI AIT A UL UELALABS [10,

'
aa v [

15] fanmgmahauifidaussiugaiu 3 kv FuludufisaeivgiliAnfarisausdiy
Tudesitemeluiigafianeneqriiuauiunsnioadiilugamnudumar [9] uonanillu
unAw [16] WudvamInammevewameiuariadostnluihidifde 6 kv uludy
fagnufiamsauisdrnvaioniny widan wu lunuaslout fanamuniuseasnse

UNdILlagssIUYIA winTsiinduegeiidud1Ayvesfarisaunsduiy 1vanengnisldany

YoesrULRINIRmInannasialilonatsinly duwandluzun 2.12
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JUN 2.12 dupuiiedserinteansisiniuagansiadeviwindndenieiiosninfaisau

\ N .
FAIUUUNUNIVDIVAANALRLADT [11]

2.4.3 an1WwInaau (Ambient): wawnasuaziasasnndalnidnindyiu
ANINIATOUNTULT LU AINTW WTU Lavdanysn Feenaviiiiindavnegadu N
IS g L% v (% IS o [l % L3 & &
fududlaramedaggauszanuwaziilugnisiaunvessesunnluauiungiiiadvenis

Y

Mihdusiudiudsanusniibiluleivessuiseinieuageiiiineuiouga [8, 10]

2.4.4 mana (Mechanical): luan13n15vieuund vnainvaan3esiin
Tiihnsenemesaglasuussnalliling (Electromechanical forces Muspawinvesninud
WSU MTeUTENINM 100 — 120 Hz Feoradawaliinadiudemigdeauiunsiiisaduas
mndimalunelaangamasniusmisiiinageinazsinlignisuanvasdiuvang

s = < = = (%Y 1 <3
YaIRAAWes [10, 17] F9AuiiiueinsidonanniuediuruInvesusvatuainaniuiy
WaYANUNAINTRIUAAIRLUTENEREN Amandlusunl 2.13 Auduwanfatuluserindda

VLQIQJ A o a

anaaseIn i tniwuulalasautazsivasiulunanies 3 U [18]

5U# 2.13 uningnaeneenaniesesidalniuuuisiussuisanusousigainie
=
il

Feaiilymeovdavaiadufansusewineioadon [18]
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2.5 figyrsavnsdnlussuvaniuvesvnanginnes
wosdnsnamulilinnssuaadudilug nshavfainduldves Feenadu
HANSENUIMNNTEUIUNINER N3l n1sUngesnm AnnsBeunasiaiaina sums
warUszinnaein1saar1saursdiunielu (Interal discharge) ¥naindaLaLADS d1%5U
\a3eadnsnanyundimafafavfanislulumanisaliiinegnaennisldau wag
wansznuinsegUnsaliidfey iileanmnudsmouagaildaeiiiieidos is1asine
wuavnslunseenuuuLagsissinumanza Weliindseansamlunisldiuuazan

ANYINNTENS ALY LS a1 [19]

Tunszuaunisidauveaesesdnsnaviyunitninssuaadu nshavisanielu

WRTUN18TUINTI91NNAYD9RUIUNSIIUIDE NSAATISAUANTUBE19RDL LD IAILASUALNS

4

Tdnuauisduanergnisldnuresnissdnsnanyu Jadumanandidynazfodliniud gy
AUNISLENLELIZNINNITRATISINIULILeE U AkaznIshavFaliludunsasiegunsal
FelnesssuvfvesszvuandulurnaInaminasinnuauisalun1sauniubenisiin

'
a

Aavnsaued uonalinnshasauisUssianiinadudunisuansonis (Symptom) MU

=T

'
=

fegaunnsesvasnuau Feenanelimiaaudsmelusasnislidanuls Jaludsdfyiag

<

= 1% v Aada a ! a _a A I Y d'
ﬁﬂ“lfﬂLLagLGU’]FL?\]{]QR]UWN@WSW@G\@ﬂ’]iLﬂ@@ﬁ%qﬁ‘r\]LW@')']\TLLNULLagﬂaﬂﬂuﬂqua@uaﬂq‘Wﬂ@Q

1 =

gunIailugnainngsy [19, 20] laem1uunnsg1u IEC 60034-27-1 lanaifalssinnves

[

a s | A a .:4' 9 o v vy &
WaemﬁﬂU'Na'JumLﬂ@lu35U‘UQu’3usﬂaﬂLﬂsaﬁ’\]ﬂﬁﬂaﬂﬂ,‘ﬁﬂ,wmqﬂﬁ%LLaﬁaUlﬂﬂ\‘iu

(@) Internal AR S =4 /2 |

(b
delamination PD

Surface PD in slot

e

Amplitude [pC]
il it
:.-.> |

:

Amplitude [pC]
slot discharges

=
2
©
c
g I:“> ‘
@ ! L N U el iron core L |
| o 180 [deg] 360 VAl 180 [deg] 360
(c) PD adjacent to ‘ o & __ (d) PD between —
| phases #1

conductor |
Bar to bar discharge

| D) KIS

Amplitude [pC]
Amplitude [pC]

delamination

180 [deg] 360 0 180 [deg] 360

o

iron core

(e) PD between (f) Metallic objects

in end-winding

iron core I:“>

phases #2
Bar to bar discharge

Amplitude [pC]

Amplitude [pC]

1
bar Metallic

0 180 [deg] 360 0 180 [deg] 360

JUN 2.14 Uszinnuesfiay saunsdinuas sULUUR Y 115053910 Ray saueduinula

Tuawinvenasesinsnanyuliinssuaadu [21]
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2.5.1 fav15anelu (Internal discharges)

Id =1

Mshavnsanigluauiunsnuleadidunislukrasnidandnnunisiasisa

vidulureanawinesissign nishavsamaribintunvednssdng aeluawiunsii
a é’

1088 FafnvulafasuiunsidnuIuineiuaavetengnsidau lagliinisanenans

v

Tduneansallinaznishawsalioludesunfidmiuiniesdnsnanyu Fedlarudfayd

o

1 a s A a o a s = [ LY
ALLYNLYLTETMINNTAEVITANUUUNALUUVUNUN TR TN D1 UUDUA T

2.5.1.1 Wnseanadanielu (Internal voids)
TunszuIUNISHANUNAKARITNILRBNLUULNBAANTTIAALNSIN8TulauIU

| A v o Y aa 2 1% A aa A o
wirdulule wadsfilnssneluszuvauiuvesbunnaumsniunniesdundeulaluasosins

Y =2

wyuiifiussaulnihge Wuunfinezifanisfiansanieluiniuld Jwaunluieenuuulil

a1gmsldanunanunsagensulangldeulunisderaniniidimun

2,5.1.2 MSHENTUVEIAUINT1IUI8E (Internal delamination)

msuan%ﬁmammunsnﬁaaa‘mmemﬂmi%uLwémumi%ulaigﬂéfaw%aiﬂ
L ENNEIENININTSHERN NT0lALNISNNA-TENLRINNG vielduanuesennanusoud
uniulluszninesldanu wesusiusnadonanimmueigrasauiuesieszoziiand
§1IU Sty NswenTuYeRuIunsedvsIRaInTRUNsIF L Dudrnadaeu

YDINITLADUANINTDIAUIU F9FDIINTVUIA IR ALAAY utUe13v IHLAANITAAY 15V

(Y]

WugdnadonIsideNannigelued liveddgy laglanizainsiiaiusouves

AUIUATANITITIUGN1TiEaNAN I

2.5.1.3 M3LENYUVDIAUIUNTINIBANUAUINAWIY (Debonding

between insulated conductor and groundwall insulation)

(YY)

) 3 '3 o v . a I
N13UeNTUVBIRUINATIINIBAAUAIINAUIN (Debonding) tRadulnss
91mefusEninadnhuazdanauiu n1shaysavsiiavululnseinianiglunuwuien o

o v

meluaziionnievse iy Redegsenineauiunsiulediaziiiviuauiu lngasiliia

q

mm%’aw‘%aLmﬂmqﬂaﬁqq%qﬁqamﬂﬁaﬁ%ﬁﬂﬂﬁﬂmwﬂéfﬁiwdwﬁulﬂuu‘%nmﬂﬁw 110

1%
=

899U
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2.5.2 fdv¥n3aszninesesanen (Slot discharges)

Ransaszninsesadonvensosdnsuyuniusiulniigiorniatudiovan

sa

a1smdeuisiiigniiiaty e1ainnmansaindyanigaluianueseaauiuliiias

1 ] [

vidonsindeulmvesund/mosdlusesadenniounifieguoniesadon 2eliiudvinaainnis
naruivesaniinau1sly nmsfanseu viensiadvesiagauiu mafanseunaed i
Tounwsadlunszurunswdn damalviuni/aesaiiinnsdunslusesadonvarldon 1in
Yaai19szninanihduiavesansiadouisiniuazunuminainned Sarmduniuilsl
avaueluvUnam LT Wugadndudmiunsiarsaunsdmluiinaiu vh
TiAansidenanwiiiivesaurugninnseu uaziiuszansnwlunseunuauslniianas

1 Y & | i4
udmalmlugndauvessyuvaniuln

2.5.3 AEU5259I199897919009Ua18Unaas NURUAaA (End-

winding gap and surface discharges)

1%
A a

AAYNTTEMI19YRT1NBIUAE VAR IR NURRI YN IAMT 0TI LHB991n
AVANA18YIENT ENAIDEINTU N1TBBNRUUNTONANTTTE AR TWIUY (Clearance)
i | N I o ey = = - 4
seninsdundiannusinsdndlimangauiiisme nseantuunsenIsideNanmuesgUnsal
o d‘ v v ! ' I ! va a )
seefundruiladlaeglusesadion (Overhang support system) danalvidiiinadnuasen
auuliihgeandiusiaey viallaannmIRarIsasEnItenaneuiieunTtuuRy o

Jangunan (End-winding surface)

o/ o

2.5.4 N15AEYI3INTAARIUINBUDA (Foreign conductive materials

9

discharges)

AALAEVMIE VA ML TDITE VRN AR UL a9 n T Tan il
Vudouluduenanieammes Sso1avhlmAanssudveamshasfaunsduiiduduly
Fumidsdsnan WuanmgliAseademevesauiuls Tasiowzedneds eyanamdnuia
vy 1y adnindeavzeangiiunn visegunsaliignasly uennvviinfiawsautsdiuud &s

1 Y a 3 ¥ 1 v a v
6‘1\‘1NﬁEL‘VILﬂG’Iﬂ'ﬁL‘UiﬂG]’]'J‘LJGUENQﬂﬂiﬂﬂ@@ﬂ’]ﬂ%ﬂ%ﬂ“l@

2.6 NsNAEBUAAYI3AUSEU (Partial Discharge Testing)

2.6.1 N1SAFYISIVINEIU
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Ragsaudrdudsingnsaliusnanuilisgrlugunateiiuasweiuni

[
I a =

WHALAATY TUUNNEIUTDIRUIUWNUY QUIUTIVUARITINULSITUTDITEUU b kazyinaulalag

Uni ag3lsh mufawnsavisdiuenviibiiinsunudyaiaivgrsoratsauiufias oy

i@we Aaysauisdinuiinudnvazyesusngmsaiidietudu 3 Ussian [22] dsuansly

=

sU# 2.15

o o .
725 == -

(n) Talsunfawisa (@) RaBISINIUR? (@) Aav1saniely

JUN 2.15 Useinnueafagn sauediuniuianasnyayvesusingn1saiiiindu [21]

2.6.1.1 lalsunfawunsa (Corona Discharge)

lalswnludawsavvdiinevuluusnandauulifiguiuaiussiuiusn

¢ aa [ - ) 9 & a i
ATIUVDIRWINTAUAN WAL 1N 8INTA YT SF6 Aetuwiiinluanavesingazlfeuly ui
TuiigefagAvanmpnislifinanennuamuissuliilivesfiy sgalsinnunisia lese
Tudlufigagyhliivszgedeuiinmaunuliih Jufnauuwivanlnihnszargesnlusuniu

[

dryarauing detudsdanansenuneANLIIvedly IMsuNIuluniig V 38 dBmVv
a o o a

(dBmV = 10 loglmV/(1 mV)] wonanuudeinlvie fiqsaaidelalsul (corona loss) R

Judlynmdnuesdnga wiseanedslidin [22, 23]
2.6.1.2 fd¥r5anuia (Surface Discharge)

favnsanuidanfanynaindszawiianlalsunlufevionuiumadd
dousouauruuds Anvesauiuudaivhainansesunindadeanimilesainanuiounaziin
seslnifiRafieuiniug auAnUlmuiluiige FfatuTatanansenuiiennunsaves
Fuau sunaulumineg mv wwdeadulalsun viemunisUatevesuaainfidusenainais

weosvanATasInInavyuillenaintulad wsreaduladnusesiusoulade (22, 23]
2.6.1.3 fau15an1elu (Internal Discharge)

a 6 a dy = U =
fav1saneluinvunselianswlanlasunieluauiunan (@1sklaniasyil

Adosinmiakivinduauiuman) eradu Wesenievsogeainie, leslansuiolrivauiu
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Tuawiuudsuazinel nsfausaynnsdazyhasaviundnmszidiofalosslud Bldnaseu
wazleaunieg avidsundsnuilasuanauuliirluidundseusad Weluvuauiumndn
wasuaal fananazuusluidunnuieunvhatsauiufiastios q AURUIVERUIUNAND

anasauvinefigniiieLusnana [22, 23]

2.6.2 1asANYaLasnszuaNadllainAaYISaIUIeEI

domnfamsansduneluiifiniuludeauu vielugunsaidsliarunse
dunaiuldshem Weliannsansiadunieimsinainisaavisaunsdruluauiuld Fedl
M9iBou 2asauyavesaIuiTRavausdty Weliihedenisvhanudle Sdldes
augadmiuauiinssfafioldlunisinsisimsifauasmuiinaansounsdunely
[23] ﬁmqmauyja%mmﬂuguﬁ 2.16 (n) LLami’a@amuﬁﬁImﬁwmaiuufaamu way
auUegsEninedidningn Insserniaasdeunusmennugliinl C, diuauiuide
oynsufulnssfemie C,, Wouunusoauqldi C,, drufidesynsuiv C. il asvwituld
Hu C, druamnuiianysalfeglaoseuveC, aglv andiuC, figuil 2,16 (1) Faanuqludih
vasdaanaaeu C, el Alagussunaudi 9 fiuC, alAunndn C, ung tufe C, ~ C,>>
C.AA Gy

Cb1 é‘ Cb1 ’c(t)
Uq(t) Cozz= CC%JJ ua(t) | C, CCE ;l&JLuc(t)
c uc(t) IL
A2
CbZ
.. T\ e
(n) TanauauniinisAaunialulnsionia (v) WIsANYaUUUAIUTT

=

sUT 2.16 lassasavassruuauiunilnsseniaegniely [21, 24]

£% [y A aa [ 4 @ | 6 a1 | I [y
andeuuswiul, Nadiédnlase lrussiunnaseslnseiedaaandnes iy
wsnAtvesinsso AR Iunue C, Aagtinnsiusnantlulngienia fadeuunusie
[ [y =l v 1 = 1 1 & v o w v 6
wnU F, (Waavanusasueen) asiinanusiuniu R Amtlsieaynsuegiludidninnssuanad
Aavsa i (t) Felldnwailuiadinsniraduunluiui wagiliAaussduan U _(t) Alwse

21MAAANSAaLI$Y FeauiinUszguululnssennie AgAsaunisn 1

Ag, =8U_(1)C, (1)
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e nszua i (t) Slvaegnelunldanunsadale winsfauisaves C, viliiAanisanemnyuses
991C, uar C, lunvsauya Junalifnusadunniivaviniu oU  (t) TamlsainuszqluC,
AeaUNIN 2

Cbé‘Uc (t)
C,+C,

SU, (1) = 2)

Aussrunnaseuillilvideyaeslaneatiu Ag uidudadiuiu C,oU,(t) A1 sU (1) Uil

Duadsudu Jsuediui, (t)

Y

Flounuen U (t) = %
azla U, (t) = L/9A% (3)
C.(C, +C,)

Awas oU, (1) danisaduiedlianiliad Tususd U, (t) danduilalias ualaenld
n31uA C, wag C, Feldonamenuduiusues oU, (t) fudU, (1) waz Ag, 16 eeslsfinnu n1s
Aaynsalulnseine C, ilunalmAaniswdsuwlasaiemuszansenssualuisasniouend

A1379005223AL9

2.6.3 Uszanusinguazuszaniala

91091Na1987 NsRagIsavdungluinTuasluauiunsanislugunsain

v |

viednda fafuussviensuuaiiininnisiansalulnssfeiuliamsaiold uinng
AagnFalulnsefing C, Ty fnaliAnnisareinussiunaliiAnussdiunn sU, (t) fidrtou
L3IfuNIBUDn wagnsindeuiiueasry Wisiianseualvaiuduidosainusadiunn 1
AnszuasmefiTald (Measurable current, i(t)) é'fﬂgﬂﬁ 217 wilildnszuaniouszad

WnTuasanelulnseing [23]

V4
— o
f 3
Uz
Ut —— i(t),
Cy = %%

Ci~ Ca+Co

O
O

JUN 2.17 wasmsfiavisavednlulnssingluianauiuy

1 [y

de U, fe ssnswssudeulifiudunuuszgmuien C, uazTannaaau C,
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v & o
FILAUUIZYATULNY?

' [

Ch
Ao AnNuUsTURTiagmaaeuUsenaume C,, C, uavC,

i(t) Ao nIzanadnarIsauNaUNaIenanszinine C, AU C, LNoTALTELIIAUAN

YY)

Anszuabnaiui(t) ninlad Juegiudnsdiuaniulszy C, /C, nszuseq
yipdounNAILAUUsTAUNET C, Nuateussunn oU, (t) Aseu ¢ ~ ¢+ ¢, bunstianunf
C, >>C, udr ¢ ~C.+ G, U2y q dAnanndign A1C, >>C, AU, (1) Isgnunivedysal

wazUseaianewmae nszua i(t) Samnlaainaunisawielull [21, 23]

: C.C
= |i(t)dt =| C, +—2-|sU a4
a= (i ( CC+CJ t (4)
o991 C, < C, 2l
q= (Ca +Cb)5Ut (5)

wnuanns (4) Tuaun1si (3) aglen

C
q= [C—bjéql (6)

C

e

a 1

Useq q # Sundn Yseanusingresiadfayisausdiu (Appearance charge)
Felalwiniu Uszgiinasslulngsing C, usduiusiv og, mednsidiuaesC,/C, wazidu
fiuguvesnisinAnassausdIufidaauduaswnnia oU, Tuaunis (2) Ine? C, 10um

< [ = =] a o 1), e s 1
NudsEananves C, Faliiinaieifiuafaysaunsdiy

Lﬁaﬁﬁmm'}msmamﬂimpwdw C, U C, azlai
q=C, oU, Toei C~Cat G (7)
azla
q=(C,+C,)dU, (8)

A = v A9 [ s ! = v =3
o sV, Ao uswiunvy nasanduannisaieindsey laeiiuseaaindaiy
Uszgauiien C, anunsadale 13en31 Usenaldl g, (Measurable charge)
O = GV, ©)

o gj v ! dIQJ o1 =
At dnsduveslseninlanedszausing fie

q
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9 _ G (10)
qa (C+C)

2.6.4 2995N1SNAFDULAZTZUUIAREYI5AUNEIU

9TNUFIUNTNAFDUKATNITIARAYITIUNEIUANNINTFIY IEC60270 Lng

Lsudnsnaandayayasuniueneg fanusamieniundasmaaeuls auanddugudn

2.18

| 'fk/
£ 7 nS
® ® ®
1
|| Test L Coupling
o % ) object — cgpacjtor
T o 87T o
® 9O . -
mi
:l s @cc
M@
©)
4 lx v at HF €0
1. Power supply 5. Electrode and wire 9. Harmonic noise
2. Variac 6. Coupling capacitor 10. Noise via grounding system
3. High voltage transformer 7. Floating conductive elemants 11. Mains plug
4, Blocking impedance and filters 8. Pulse-shaped noise 12. Background noise of measuting

instrument

JUT 2.18 13 edeuRavsavNduazeUnsallnnsanagaey [21]

gunsananlumAgeUAavI IUIvE Y

1)

2)

A g 1 Y U A (% Yo o v @
Power supply flaunasdngisenuanszuaaauilglunisdeounseduliiuiminuyses
AUNEILaE dngraaay

P

Z Ao fN309ANA BaazlinuandiuuuauaaIniiy (Low pass filter) ¥intindg

a

Uasiudygyrusuniuainy gaﬁlﬁmmmmmﬁh&JLLiﬂé’uvLﬂﬁLﬁﬁwiﬂﬁumuNai NAADY
Tneeeulinssuanaaeufinaudsmriululy nhiisnedafife Yoty dygaiad
AaysaudINIININgVAdoUlae8NIINgUTBIRTIN

Cour PR TMQVAdDU Imaﬁmmmaﬂw%ﬁmﬁq Fudunisy (Load) drundwessas
C. Ao Fufvdszgmuiielinsasmaaeuindranuglilihginitaugmaaeuidu
vnnds Tneludinldiifuseafifianuquszanm 1 nF Wevaweuszqvienseua
Tituingraseulurnedifinnsfa$aundmintu dufulszqisniuminddy
lun1sShwanuaualuiasvegsuiazdesiunisdemevasgunsalluns egals

I [ @) 14 b4 o v [y va Y < P (=] a s 1
AR mLﬂumaﬂ%mmmﬂ@m@mammlaqmLﬂUUszﬁ;wimm'ﬁm“msamamu
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Anduneludifvtszanuieie Wedssansnmlunsveaeufivansauuas
Josfunrnudemeioradntulnamesaeu

CD A guUnsalAUUAT (Coupling device) Vimthitiawadnszuadiinanfayis
UN9EIU

CC Ao anlanoAdoatalda (Coaxial cable) LﬁuaflaLmﬁaﬁi%ﬁqz‘%*zgigmmﬂqﬂmai
fuvAslnssneaeulusssuuta uiludlagtuiinisldauanelonianiuas (Fiber
optic) Feanunsadsdaaldlussesiilnaniuasiinisanneuvesdyaaiitesny
un tetesfugunsalinliifinanudsmelunsdifiingnageuiinnisiusaniog
Tuvuznagau LLG]'ﬁaﬂ%@ﬂﬂiﬂjuﬂmi%w}"]ﬁmm’]Eufl’j\‘ﬁ/l’]ﬂlWﬂ’]LLazLLﬁﬁiﬁﬁaﬂﬂﬁaﬁﬁu
M e 1A3osiiedn (Measuring instrument) 1ugunsalilélunisiauazuanina 819
Juosadlaalauniainindiinsieinisfawsavisaiufiamnsaussananadyyin

WAZLARINA I UNTNIDABUNILADS LA

9IINAFDUAFYITIVIEIN anansnidendegunsaldluasluisasvaaeula

wang @1ugluuy Ae seaunsalduuateunsutumiiulssgriuiies, degunsalAuyuas

AUNTUAUIAANAABU KAZNITABRUULUUUTATBURUAUTNTDINTLULLENTT [21, 24] A
wanslugun 2.19 - 2.21

Nl Nt T
A
| Coupling
Uac = capacitor
Ce
cC
4 b M
——_—

JUN 2.19 2asnagdeudmsunisinlaesegunsalduuaseunsududaiulszaniuies [21]
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— 7
A
Coupling 4
Uac capacitor =
Ce

5UN 2.20 2asvegeudmsunsinlagsiegunsaldulateunsuiuiaamegey [21]

T 7 |
A |
é Test Coupling
Upe = | object capacitor S
Cour Ce
CcC
Zni M ¢ Zmi

V L

JUN 2.21 199 PRRUAMSUNM TInRUUUIATBUAUALS [21]

' ¢ v £ v v o® < G Ny A v
n1ssiegunsalauaseunsuiuiniulszaruifgluiiveneaiunsateaiu
aunsalnakstunsdiiinusnairugageuls wartannaaeulidndusfaslannisee
a ¢ | I3 d' = =~ ) v ] Y e
ashuvesaUnIal ag1slsiniy Wellsumisunnulivesssuuinudl nmsdegunsalAuuas
sunsuduMmAvUszymuifsaiuiinubivesninnisinlaeseaunsaiduUaseunsuiuian
= & [y 1 @ [ ~ ' 1 @ A v
nadeu Fadunisianseuaiuiaguageu Asguil 2.20 winsielamegeuanuvaeillasy
Anufisutosnitdogunaaiduiaseynsududiivyszgriuied teswindaiuidsd

aUnsalnIALTIsazlasUANLLAsUNBTUENAaRULarI L TUARIUanN1SARaIRuYeIaUNTal

9 9
[V

o ] A fa a ¢ a | q' A a Y A
YU AN DINVILLUUUINIDUNELAUY Nﬂ'J']ﬂJl’l“U@\ﬁ%UU'J@V]EﬂQVI?!@LM@LV]EJUﬂUﬂ'ﬁ@@@ﬂﬁ@Q

WUV WAGITIAINULELIANUANNUADAN B LAY

2.6.5 NM5USUMBUTEUUIAREYISIUNNEIUY

nsUsuiisuszuuinlulamageufaviiavidulingUssasditonivaey
Augndesvesszuuinlunsinvuinvesiaysauvdunaeinis lnemsusuiiieussuuin
grglyimenainaunames (Scale factor, So weln1sinA1Us¥UsINg (Apparent charge,

) L‘flulﬂasmgﬂé’aq Lﬁaqmﬂﬁi'lmfmaﬂw%waﬁmqmmau (Cour) ﬁma&iaamé’wmmaq
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szuuin Fndudevimsusuiisudielinisdsuulasingnageu sniunisilasuulas

Amuglnihvesingnasaey Ly 10% vesrade

LY = (Y o a a v s LY [ = 1 1
nsUsSuisusEuUInazaLiunsinensaanad s siuaiiu Ug TINDBUNIUDY
YY) <

fludiusey ¢, idawaandue ludsiatavesingnageu dagui 2.22 duuansliii

anwazvensvhangndainluluinsvaaey

o = UG, (11)

A
Calibrator
CC
Coupling
— Test object capacitor
Qg ’7!‘ i with
U J PD defect 0
Zy 14NN
Measuring 1
V :‘mpedance[sf =Qy/ M,
% Q

JUN 2.22 19vauyadmiunsauiisussuUInAasSaUeE Il [21]

nsmanaunnn s () Lusnaduszningameslszyiiusng (q,) waga
guldainesesiie¥a (M) wethlumanawnamas (S) Aulaandeihdu:
S(=—0 (12)
MC
dmsunismageu PD lumesUJus n1smusgausing (q.) WRaaneiadnin

Ihazgnszylasiniesiiodn (M) aamumeaanaunines (S)

q.=S;xM, (12)

n1sUsuiieuRsnegeuIsdesiiunisiuingnaasuiliiinisanel dusu
Funusgglunsusudisu C, msiarnuguinnitAirnuguesingregey 10 Wi ndaIn

nsUSuiigy n3eUSuiiguazfegniineanaINNRTNAGRUABUTIILINSISUNSNAaRUY
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2.7 MsulananITNAgaUAEY1ITIVNEILTUITUURUIUVDIVAAINELALADS

AINNNSNAFBUIARATITIUEIUAILI9INSNAADUNLANAINIT199U Aely

annuInaeufauTantuaueuludie aluiesuuiinis vialulagunuuves Phase

Resolved PD (PRPD) lagazuanslugunsinanuduiusuosyumavasusadunagouiuauie

YoUs¥RAYIFIVEIN FeazanunsatuiiniadviausyaiinUuang o dumiaainasngg

Aadugusnnamed Nanunsauwtdnvasuasniavesfaisauisdiuiasyssny

PIANINTFIU IEC60034-27-1 Tifmunguiuy PRPD 13 wau 7 dnwais &

aunsassyUssinnveawrasiuiafavsavsdiuneluniassdnsnavyuluiile lnenisly

gunsaldUlAwesunsuiudnuYszgauie) danandlunisned 2.1

M19199 2.1 4ARTIRENUDIFULUY PRPD vauAsasdnsnavulimiuannsgiu IEC60034-

27-1 [20, 25]

Phase Resolved PD (PRPD) patterns

PD source

" ﬁt-il...‘ g
0 180 360
Degree IEC

1. Surface tracking Discharge
NSAEYISIVSIUNURL/NISNNTREA
| ad

BUILUIFIUNYUIBIVAAIN (Overhang)
£ o 4, &
1U99INMITUUIUBUNAIUADUTE@NUVD
9INA/RUI WU ASUBY, WY, Hu %50

a a a a
ANSLEYAFUILITUND

ANSADNISLHIUENIN ¢ STAUUIUNAN

0 180 360
Degree IEC

2. End-winding corona
MsfauaTigadensevesansiadeuis
Mt UETAREUATUANAINNATEA
ilesnaauanifvesdiuseysyay
sevheTaniiunndnafulsiiioane

NSHBNISLHIUANIN : STAUUIUNAN
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Phase Resolved PD (PRPD) patterns

PD source

ks on

0 180 360
Degree IEC

3. End-winding phase discharge
N3AAYITAUYBIINDINTIATERINUIS LY
druiituresaan wiosenitauniiu
TAsanABaunuwan (Press finger) &9
drunnuduinantasuneuendslide
Iifuaumgvdndmiunsdenanmyes
sruvaLIl Vuusegluanmuandendil
TolouuSinannn Jsasdudusnis
Bovanwligadety

INSHBNITLHIUANIN : STAUUIUNANS

0 180 360
Degree IEC

4. Internal void discharges

nsAarIsaInAelulnsIoNIATIaE

Y
¥

neluresauIuns1Ilesd dunnvulaain

[

a = ey 1 & v 1 Aee
NISUIUNTITINAR GUQIQJQQQWLUUG]QUQ?IQQ
ﬂ']iLa@ﬂJﬁﬂ']W@]']ﬂJ@WEfU@ﬂau’]u

ANSABNILFDNENIN : SLAUM

0 180 360

Degree IEC

5. Debonding discharges
MsAEvnsanIsLEnTus I saUIUNS Y
teduazitmaauas naLdutesing
omAAnty [unainanldFuaudeu
gadunau Lﬁmﬂmwﬂ%wummimj

a o

BNTIADNITLHINFAIN 1 TTAUTULT
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Phase Resolved PD (PRPD) patterns

PD source

6. Internal delamination discharges
nsfawfanigluresinseniaiiingin
nsuentuesauIunthed duduna
sanlgFumnufeugaiu Ransuendu
Fs3UuuU PRPD azadnefumsiandaly
InssoniAanelu usvunvessey
UINNTT kATIAIUANLIATARY
avden

BNTIADNITLHBNFNIN 1 TLAUTULSY

e

0 180 360
Degree IEC

7. Slot discharges
nshawSatiasenlutosieeInATEIINg
LAULAANAALMBS AL US AN UTN9984
Ampasus iesnnsnainvesunsly
adon suAnAF UM LTgduL1sga
SEMINEISAEUATITTULAUMEN W30
nmsduaziiiouszninansldiy

ANTADNITLHINFAIN : TEAUTULT
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UNA 3
A1SANEINGANSIUAFVISAUEIUTUSTUUAUIUY

= @
vauATaININA WA VUL IR UES

3.1 na1i

Tuuniifunsdnauenisinyinginssuiasiiavisdanluszuvauiuves
in3esdnsnalwilvyunseiugs Tnsudsdnwazmsmaaouinfasisausdinluauiunes
ynmnaanosuuleding luedosdnsnamsplniiussgs TnsidenilazAnwingAnssuves
favrsaunsdudaduamagnuanainlssnudieiBisguiy veuaiessudaliindany

o w

AMUSIUIIY VUIANAAKTIAUW 11 KV AR89 50 kW wanand miaam%ﬂmamuﬁgmwu
LaravnnaInuate InerlinusatuiielaiinsfnwinasnnaoainfawsaunsdIuyes
nadnaLwesluneslfuinig lneldvnainaiawesiegisveaniseniialuiingsanuun
YUIARNALTIAY 13.8 KV NAANIAS 111 KW FUAERAAILTIIU 0 L WDUATUATUNS LD LY
o a a I3 1 1 Ql'd a é’ 1 1% a
Paslymmainfansavisdiuluguuuusineg ndlemainduluszninnisldauaiaes
\A3esansnavyulniwssgandvwnfinausadudas 6 kv auld Felagdruluglaseasne
UIUVBIYAARALaes Az dunuUN s Aazlsiuauls nanalenunaln@laganun
= dy I %) 4 csl [
Anwilludunuvesauinvaaingwineasiasesdnsnanyuliiinsegs

A = 19

Weilgrutdeyadinnisnaaedlagnisdnassdymaavisavisdinlugiuy

LX) Y

[

#1199 9nviesUfuRnsudn Sndudesanuiseussandldnuiunsvedeunieauudaiiladey
lilenamuaulannainraigaeainieslinnis nisiessvinisulananisvageugoud
AMULANANATY BedruntisvasuniiaglananfwanisnaaeuTafaysauneEIuYeIunaIn
AulAsluNIAAUIY kAN 15UTEENALENITNAADUAAY1TIVNEIWABNISTaNTUTIT N
dll Y} [ a 1Y 9 ]
wwsesdnsnalnimyuvunvglugnamnssundandnulnihinuuanuiousiu uaziuy

1 a dy dl U %
AuAuluNuRTIInsEe09 vaslsemalng

Wesananuuand1sluaudady annuinden guassaveIn1maasy
AawIFIVNEIUNUANAI LB 1UINT s R sU JURNSLAZ AR Faa1nUszaunisal
fapsiiaumauinIauazdodninlunisnaaey NMTIATIERLAEWUARIUVINENANTNAR DY
\alladeyaimiganedmumsdnaulaveafusyuuiiiodesesdnsidignizsuiunisdey
° - a ¢ a a A gy [V Y ) a
Ugavsemsliesesianvsvesruraundiveliaunsaunlunasdesiunouiniesdnsiin

ASAUMAT AREITNITNAFDUAFVITIUNAIULUUALAN LA WUUN DN AL L1
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3.2 MAIMITNATOU WALNITATIUNIINARD
dmfummegeufaysavidluuaLanlyInednusaduiiazdiunis
PNULIRTFIU IEC60034-27-1 dmsuisesdnsnaliivyunsegs lnggedandnnisusuiiey

LAEINATHUFINAINUINTFIU IEC60270 Aauanslugun 3.1

Star point - HV side
u u
- - -
y f \ v Ce
r—— —_— —
\ ,"l‘ <
N Zn PD ——b
v \\ I/

JUN 3.1 193snedeufavsauNdudmiusnanadameshuasesinsnaluiivy [20]
U, AD LNAIIULIIAUNAEDY

Znm

o))

® duiaugn13In WseaUnsalAUUAs

Y

C.  fe fhudsggauiien
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Auaudivesrnalniiainuviedeglaeund uardsldaunsalAuudsdmsuiveusio
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AAY5AUNEINIINFULUU PRPD 1agdlATIeRAIINTULTIINVUIAVRIUTEARaYITIUE I
(PD Magnitude) wana1nil W15 MUNFYYIATUNIUDDNAINAAYITIUNEIUAIY

NMTIATIERENYUZVRINad (PD pulses shape)

iiaLunsinundnuazveansiinfiavifaudnlussuvaniuvesaana
nesisegafian wdoulefiunnsnaiu Fsuvanisvaassesnidu 3 e fe nsAnw
naaaUTnRaYISaUIEIuTRIIRaIndIaLn SR ewsNTFu, nsAnwIMAdeUTAREAYNSe
UAIUTIvAmIndLwasTuiaaufURNs, NMsfinymadeuinfiauisauduveIunaIng.s
wetnaau wagnsnedeutiiathssinwiasasdnsnaliivau fenismaaeuiasiia

YN9EIU
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(Individual coils) a3ASaInia i Inds91uAINS U INLUUTLASTE YUIARTALTIAY
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7 3.2 Fadunisneasvveanlunsazesadinedililsynauassesadon
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Aausulyau
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A1519% 3.1 eazdenvedAIdlioTanazgunsainnaey

No. Test Instrument Parameter

1. HV test transformer 20kV, 10kVA

2. Coupling capacitor 1 nF

3. PD calibrator IEC 60270

4. PD Measuring Instrument PD analyzer

5. Measuring sensitivity 20 - 100,000 pC
6. Measuring frequency range 500 kHz - 30 MHz
7. Test Voltage 6.35 kV

8. Ambient humidity 62 %RH

9. Ambient temperature 33.6 °C

3.3.2 JUABUNITNAFIUINNFYISIUINEIUVAAINENLABSWUUNDIUINAINDULSH

Tu

L3sunaaauITgNiInglngndeuuaimnasumelsinunaaay 6.35 kV 13ei

e
a v a

w3l Uy Bagninfenivagesunaiaduminseaniuianulssgauieifinised lnei

Y

o
a o

YNAIANAFDUINARAIN1TLTOIARDNTIADY TINNMUA 20 VARIN AIFUT 3.3

AoulRNin Ve uliazyInaIn a1 luNSUSUWEUMEUsEINTIUAM

A U U & N U 2 o & (%) . I a
AANRIAANUYIZTIATUNYD IAVUNNAYQYIUTUNIUNUNAY (Background noise) NOULIN
9

1L TIPUBVUA LD UTILTIPUNAF U HAIATIsULiaUSUan L TUNaT 5 U7 LaR4
insUufinuazuluy PRPD, vu1auaslseq (PD magnitude) wazdaayinsunauaayisa

UedU (PD Pulses Shape) WiIaRsEAULIIAUNAZOUWINTUALE
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HV source

JUT 3.3 gunsaiuaznsnadeuRauIsIVIERUTRRInLiAzADER

3.4 NMIANYINAFOUINAAYIFIVNEIUVDIUARINEALADS LU U URNT
3.4.1 MISLATBNINYNAGAY

dmduingneaeuiililunmessuduammesuriiuuresunivialsivad
u{ Fuduveaniesifalihwisddasiavuin 13.8 KV 111 MVA fidunnsldendu
nan 30 U Tasshnsdaudsamnoiuisoanifuiiusnegnmeaeuauinanueniuay 30
WwURIAS §1191 6 Uis fafluanslugudl 3.4 P& RINasIAUTUReUN T BuIUNATe s TRg

naaey Tngnadeunmundzgniiliauiielaanudunegluieauiu lngeumeaumail 60

parwawed 1uszesiian 48 91lue Weasusseznainiseulanmnuay

30cm.

—— Conductor
—— Strand and Turn insulation
Groundwall insulation

—— Semiconductive coating tape

JUT 3.4 aunavesamimesuiLuunesindilalsvaduisdmiuldnaaey
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3.4.2 MSATBUINYNAGDY

o

Tognagauninadazgnirludnaensdifine Galinaun 6 nsdlfinwl A

Y

v a

wandlumsei 3.2 feugniiluneaaeuinfaysavidiuvesnainawinesiuiesfufinig

A5199 3.2 N15INARINTUANWIAALADSUNTAMSTUNAARUIRRAYSAIVI9EIUY

Case

No.

Case Study Descriptions

WammesuIseulimauaamgil 100 °C

'
=

Wuan 48 9alud Lie@nwianinauiud
Iisunavnaumgiianiizn1svinaulng

YDILATBIINTNA

UIELmosUISoUANBUaMNAE 220 °C
Jwaan 96 9alus iefnwaninawiud
IasunaInamngiinan1Ien1sMIuLAY

[y

ANPYDWATDIINTNE

1AUNI 1 ISEUSIURIVBIRUIU LiBANY
ANTNAUIUVDIATBIINTNUNTALANVDIE

Yyl i niauiu

PINNANSUS I AURIVEIAUIY LNBANEN
ANINAUIUYDILATRIINTNANINTAZAY

YasdaUanUasuNi Wi NRvesauIu

UINTeAeNTIEIUaT 240 YAUIIIN Semi-

conductive coating NlASuUAIULEE WY

NNNA
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Case
Case Study Descriptions
No.
AMNFUNIBUBN a9 ulaundnluN USRI uIu
6 WBANWIANINRUIULATDITNSNIUAINUTY
dvauegiiniauIu
3.4.3 JUABUNITNATBUINAFYITIUNNEIUVDIVARINEALALADS b
4 a wa
WU UANIT

I
a Y
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aoiannanilugui 3.5 ImEJaLmLmai‘m%ﬁ]xgﬂamé\’aﬁuﬂawagsw’mLm'uaLﬁﬂimﬂ 2 WU

[ BF1809ENINNIS LTI IUAAIN LT DIAR DAUL LATULT IR

U 3.5 nsPadsainmasuisiusesadandnaed
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T inanaasungninfiadlusosadaninaes a9lursasnaasuiufasisa
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nsa1ansed Asandlugun 3.6 lnglivdeudamaasuusadugdneussiunaaeuliiu
o Av o® a = ' 1oy v el'
TognaaeulaedfnAuuseamuiiglvun 1 nF Weuseegisuusgevesingnaasy lngd

JosadendiansgnaoatiusIufigairenamagey Tudiuvainiaussiuildiasediodn

= o a

wargUnsalAuNYd (CPL504, MPD600 kaz MCU504) ivegukasiuiindayay1aifaysa
vdIumMeAauimasHIun sy amsaslonn e

LYY

Aowsumnaaeaulniusgeivingnageuvsegunsallag Arsaniiung
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(% ]

NAgUTnAIAINAIUNIUTERLIUNBUYNASLTialdun1IRTIvdR VLA AL YARAEAE
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szuuinniaussineudiunsdeuswiugeliiuingnagey 3ad1msuinnda 500 MOhm
wennil Tmgnaaevdaduamnasuisauin 30 u. A1Anuivuszqeguszuia 300 -
400 pF Fedetiondmm lidwmayinlindowlamaaaunossunszunnIuAuing a Lsenu

G RIY)

HV Transformer

Test object in simulate slot HV area Safe area

-
Ceoupling

Computer

MCU 504

/ =

Zm I,*—fﬂ

Fiber optidcables

| S

5UT 3.6 2993N1INAERUIARAYI TV EINTRUARIRaIIn Bl IUURN1S

nsnaaauinfauIsauINdIuTeIAaIndIaLAasluiesUfURN UL 16
W3ELI9ITNTNAABUAIMANTLUTUT 3.6 FI819BIRNAILINTFIN IEC60270 kay IEC60034-27-

1 pefisnyazduansmaluil

1) IATIUNATNABUAMUNTFIU IEC60270 Aanandluguin 3.6
2) tufinFigamgiiuasanuiuduinslueimavsnanaudunisnagey

3)  USUr9ANDNE0IN15 T TuNtlge9A U LUUAIAN 100 — 400 kHz

'
a

a) dudunsuiuiisuseyssfinaivaniudaisvaalndunsegede dusumisd
AOINITIAREYITIVNNEIU

5) Sufindgasuniuiunds

6) L'%':uamLmﬁumaaw?fammmmgm IEC60034-27-1 WUUH4 Gupe 0.2U, 50 1.6 KV
TS usaufideanisvaaou (Ug) wiafu 8 kv

7) UUTIYUTIFUNAGEDU YINNISUUTIAAT PDIV

8) lossussdunaaeudl U0 uds Amsssulifunailszuia 5 - 10 wii

9) Uufinnan1snageu kA JULUY PRPD, vw1nvas PD, Us1iiad PD

10) ansziunsaiutuiingn PDEV aunsevialugud
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3.5 NSANEINAFIUINAFVITIUINAIUVBIVARINFLALNDSNIAFUIY
3.5.1 QUNTAILAZINRINITNATRUINAAYITAIUNEIUYVIIUAAINALALADS

N1AEUIY

ANSLASYUNITNAFBUAINSUNISTARAYISIUIIEIUVDIVARINELALADS
AAaunny lanliun1seuuInsgIu 1EC 60034-27-1 dananlusufl 3.7 agnudn dnnsld

'
2 =

wiauUamaaeunssiuguiminniewssuliiuingneaey aluvaainawnnesiiugm

FansuazRnAiaiuyszanuiieIruin 1 nF fvaaindiuesigeuesingnageu ey

myinszuvauiunlasulswugaldnudunaui fdeindugeseuvesszuy

Tunsalil dnguaseuAmnuiuysegnia 100 - 400 nF Feaziduguassase

o T a | ) = | v v v o
A1SIAMILAAIT1INFIUITOINULTIAUNAFOU (4 — 6 KV) TI9zdIna v onUasnossunise
nszuaadla A TunsaliFwndyulagnisthanuwmileadisevuiuiundouUamadey
WaliiAdaIunsatun1siunIsrLuuAU@Angs lneaiesensenamienidanal
aunsalduvaideusugainnanselasla viliwsvageuiiianuaiuisanageaunisy
wuuAUNETNEedie 1 uF Ausenunaaey 10 kY ¥egeninnu uendnddilvenlusedves

manvuaiinvesgunsalluismaseularagdennIzuagalasnee

:
HV test HV HV area s Safe area

Neutral side Teminal side
transformer  reactor
A

FEJNLITTITIEEE NN E
L AN~ JITT ) H
Jo P 1nF : Computer
S G !
g o L Tl —

0
= Fiber opticcables

hg

JUR 3.7 2999M13910@ UIARAYIFIUNEIUTDIUARINALALABS N IAAU

aneweLdadmtidunuuiuawiuaiinend 50 wes gnldilousosenina

wilgnhussadludringneaeuieglusserlnavsendalaenn ussiunaaeuaziesiaiinau

'
v

TANSUaTRaYISIUNdINIzgnInTivaIeunaIndniu Nsseestudnuazl 1unns
ldanumileriivesunainingnageuiiiadigannaudy yrnsunIuaInunadne luds
1A309edn dawalidggrusuniunundinssuuituiinlauaisiisuinnimesgeuluies

Uunnns
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No. Test Instrument Parameter
1 HV test transformer 20kV, 10kVA
2 HV reactor 50 kvar
3 Coupling capacitor 1 nF
al PD calibrator 100 - 20,000 pF
5 PD Measuring Instrument PD Spot Tester, MPD600
6 Measuring frequency range 100 kHz - 30 MHz

3.5.2 IQNAsaY

AnSURITo UL I UN TN A U AREYISAUIIEILVDIVAAINELALA DT N IR AU

fuasesmidaluihussgenasemesiniusegedagnldalulssuihmasnuanuiousy

LAZWAIIUAINTDUAIUAY LNBANINGFANITULAZILATIENAN NI TUVAUIUYBIVAAIN

ammasanmegiuasasiiialninssgeasuenasiviiinsgednuig 6 1aTes Teaziden

AIAN5197 3.4

M99 3.4 198218800 TNYNARBUTARHAYISIUNAIUYBIANINAALABINIAAUIY

Details of test objects

Case
Power Voltage (kV) | Year Ins. manufacturing Type of cooling
Gen A 211.75 MVA NN 1997 Class F, Global VPI Hydrogen Cooled
Air to water Heat
Gen B 50.8 MVA 11.5 1999 Class F, Global VPI
exchanger
Air to water Heat
Gen C 50.8 MVA 11.5 1999 Class F, Global VPI
exchanger
Air to air heat
Motor A 2,470 kW 6.9 2008 Class F, Global VPI
exchanger
Air to air heat
Motor B 875 kW 6.9 2008 Class F, Global VPI
exchanger
Air to air heat
Motor C 2,050 kW 6.9 2008 Class F, Global VPI

exchanger
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Case

Test objects

PD Measurments

Gen A

Test voltage: 9.1 kV
Measurment point: HV terminal
Phase of winding: A-G

Test time: 5 min

PD Instrument: PD Spot Tester

Gen B

Test voltage: 6.6 kV
Measurment point: HV terminal
Phase of winding: A-G

Test time: 5 min

PD Instrument: PD Spot Tester

Gen C

Motor A

Test voltage: 8.0 kV
Measurment point: HV terminal
Phase of winding: A-G

Test time: 5 min

PD Instrument: PD Spot Tester

Test voltage: 4.0 kV
Measurment point: HV terminal
Phase of winding: A-G

Test time: 10 min

PD Instrument: MPD600

Motor B

Test voltage: 4.0 kV
Measurment point: HV terminal
Phase of winding: B-G

Test time: 10 min

PD Instrument: MPD600
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Case Test objects PD Measurments

Test voltage: 4.0 kV

Measurment point: HV terminal

Motor C Phase of winding: B-G
Test time: 10 min
PD Instrument: MPD600
3.5.3 YUABUNITNAGFDU
ANTUTURDUNITNAABUIARATISAUNAIUVDIUVAAINELFLADSAAAUNNTY I
TadinkagANLaNgA9 N sageuluieIlfuRinslugaufun uwiinsdniunisniy

1ms51U IEC60270 ag IEC60034-27-1 lnnfineaziBundasaluil

JaurSeandasnnaouUnIINASEIU IEC60034-27-1 Wag IEC60270 fauansluguil 3.7
LLazgﬂﬁ 3.8

a

Juineaamninasauuduimsluainiavsiuna U maaey

Y

ady )

Usuraamdnifesn s Tuiitldensaanuis wuudiai 100 - 400 kiz
duflunsUsudisuseUssgimsurrumsveaniulssgesandusmumai
ABINITINAAYITIVWEIY

ﬁuﬁﬂé’iyzyﬂmiumuﬁuwé’q

BusreusifumedeUm RSy IEC60034-27-1 anansndngld 2 suuuu fo
wuuraiesazuuuty lUdusswuiidesnanagou (Uy)

VULIURITINUNAFRU YN150UTINAY PDIV

Sednusedunadaun U0 wé asusssuliidunatussinm 5 - 10 undl

Juitnwamsnaaeu laud sUwuU PRPD, Ywinves PD, Usead PD

10) aNILAULIIAUUUNNAT PDEV ﬁluﬂigﬁwﬁuqué
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3| Ccoupling

b \

Test object
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A

4=

N’y
8

9

. \ 2 = , ‘
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Star point “ 'u:‘ o HV Side

7
3 {’ Variable Tr |

5UN 3.8 MIATEUNIINITNAARUIAAAYITIUNAIUVDIVAAINAMADIAAGUIY

3.6 NMINAgaULNaU39SNBIATRININAINHIMYY Fr8n1TNadaURRYISAUINEHIY

RnUszaunsaiiesioy tnsesdnsliihmyuiivaaanuuunesunianesd
Fefinudasnmeasuinfarsounsdiunuusaiuniuunsgiu 1EC60034-27-1 faaq
sULUUAe JULUVTiaInsavangasansiftenenunadnusaziassnaiulduaznguitlsl
ansodangasiuanisesnta %aimmuimgLLé’a%wﬂlumaL@@%LLiaQwumlﬂmjmm Vo1

inddimasiansnadauLanIsIATIzRUy e

Y @ =2 a

Tustadedsadunisuandfiiuisnisnadeviavisaursdruluidenis
Ungssnendasiuluniagaamingsy Faidesfnuaziumenisuilutgdvannate ns
naaaulundedfasnisiUSoulounarosnisusuaninresuInvesiay$aunsdiuly
FIAAEDU TIAFULUUNIHBITINUA MU NomeIIIIFUL UM THB AT AT

wanseiu wagmsinaluladadelyiduivssendldlunisdendizaieuiUym

3.6.1 IngVAgaU

Inguaaeuluidoiidunsmeintenii uuunsansesen Afafds 2.8 MW
fifousediu 6.9 kv gnldauidu Primary Fan lulssliilndsonuanuseuaiuiu Tnefissuu
TUIBANFBULUY air-to-air heat exchanger Fsgnieanainszuuiiatizsinwile sy
pmseuan fauanslugui 3.9 nilsludeiinaaeuiiiensivan nanuinunAvesszuy

QuUNBeNIABNTNAdRUIRRAYNSIUIIEIUY



41

[y

JUN 3.9 wawesvienhuazunmnannes AMni1as 2.8 MW fifausasu 6.9 kv

3.6.2 3UNI0ILAZIRINTNAGRY

NMswRENN1INAaeUAMUNITIARAYISIUNEIUYBIUAINALALABSLNENTS
Ungadnuidetildmiliunisniuannsgiu IEC 60034-27-1 laguuaguuuunsieisnsmin

Ju 3 wou deuanslugud 3.10

HV area Safe area
HV test HV . \
Farstome®™ matior Neutral side m‘_ Terminal side

Test object

k" Ll '-\\‘l =@
.I b WA l-l’. J C
E' =3 Computer
1}
| MPD600 MCU 504 1w
o « ”
(e ¢

= I Fiber opticcables

(n) 9ITNAADUAFVNTIVNEIULU UL NLWEUAAA

HV test TR BN m HVarea | Safearea
transformer reaclor M z.r ‘

ar_ [ Tes object

UK <)
Ck1 Jj C1 ¢
|= MPDE00

zm g,r_g';i

Fiber cptic cables

Computer

MCU 504
l

|

(V) HIINAFBURAYVITIVNEUUUUTIVNAYAGIN WenanTavangnsinansle

HV test HV Terminal side /—\\ HVarea | Safearea
transformer  reactor T\ i

Test cbject
Can't

T —— i
E B H. dismantled; Computer

Fiber optic cables —_ E ”

(A) WITNAFDUAAYIFIV A ILLUVLENNAYAAIN aNTaUanATINENS LA

U7 3.10 1asmvedeuinfavsusdiuveameininisdegnsian saneiy
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M19197 3.6 SgazBenvaATaNllainuargUNTalRdeUNBLNDS

No. Test Instrument Parameter
1 HV test transformer 20kV, 10kVA
2 HV reactor 50 kvar
3 Coupling capacitor 1nF
al PD calibrator 100 - 20,000 pF
5 PD Measuring Instrument MPD600
6 Measuring frequency range 100 kHz - 400 kHz

(n) fAuUszmuLiel (v) VARIATLIOLFBUTINUNAHOY

:\«v ==
(A) WAAIINYLIIAULUULAZDUN

JUT 3.11 N33 38LNINAGR UAAYIS IV Iud T UNBLIn DS

3.6.3 JUNBUNISNAHIU

7)
8)
9)

FPLrTER99TIAAUAMINATIIU IEC60034-27-1 Wag IEC60270 wandluguil 3.11
Suiinegaugiiuaautudimslugimanadsuiumsvadoy
Ufutannaiiifesnsin Tuiiilddrsnufis wuusfiagi 100 - 400 khz
sfiunsuiuiisuseUssqinsuarhulansuaainsuussgeda Jusumied

v v a

FOINTINAAYISIUNNEIU

ﬁuﬁaé’mmpmumuﬁwé’ﬂ

L'%'mhmmé’umaau%mummgm IEC60030-27-1 wuUtu 4z 0.2U, LU
WSIuTidesnMaaeu (Uy) Wiy 4 kv

YULINYUTIAUNAZOU Y1N15UUNINAT PDIV

dlosnsussdunaaoudi U, wdn asuseuliidunanussana 5 - 10 undi

Juiinuan1snaaeu laun sULuy PRPD, Yw1nved PD, JUSeWad PD

10) anszauwsIutuiing PDEV aunseviadueud
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A159LAS1ZMazUSZIIUNAN1ISNAEU

PnnsnegeuiafarisaudiiefnuuarinsgingAnssuveinisiin
famsansdnlusruvauuremeamnosvonaiosinanaluihmuiusinssuiunsndn
nsanwilaensnageuluiesdifinis mameaeulumeauulagldingnageudunewas
uaziedosiudaliineidugramnssy wagmmageutiiavisednufededifelumal joa

SULUUANNY @13150UARAINANITNARBULAZNANITIATIELA Aasdalil

4.1 HANISNAFBUINREYIIIUEIUVAANFALADILUUNBINNAINAIANNERN
nMsNAaUiARaYISIVEIUIAAINALALABS LUUNDS U MA@ nHERL Ty
mi‘m@aauL‘ﬁaﬁﬂmLf“ﬁ'mﬁ’mgmﬂws'aaLLasqmé’ﬂwmmaaﬁa%ﬁawmuﬁLﬁm%uluammaa
AN ALALADSNFIIINNTEVINTHEMEAS DAY TRUNANISNAGBUAUIUYARIAT VIR 20
AN lauanstayaguiuu PRPD, Uselanuesfawniaunsdiu, jusiadaasisauisedu
LAzIUNAYRISEARETISIUIEIY (Q,) issmdumsiashauuninvivasninuigs (500 -
10,000 kHz) Asldaunsainvunnfayisaunsarudunl Qec laniuuinsgu 1IEC60270 Tu

AN5199 4.1 1RgEIUIIRIUNMINUSLANVRIRATISIVEU ARt

1) far15anelulnsI9INIASENITBUDRAUIY 1LY 16 VAAIN LAEIUINYBIAFUIST
vnauegluyae 200 - 1,600 pC
2) Aar15an18lulnsI91nN AT NI AUIUTIUAUNRIUANEUAaIn 31U 4 AR

lngvuinvedRaIsausdIuegluyie 600 - 1,600 pC

na13lA1 ANNN1SNRaeIAsItlan1aNarnunIsRar1sanielulnsiane

' X %] & a ¢ ' &
seuIwiaauiulszuiuidosay 80 wastdunisaavisanelulnsiannidseninwiisaulu
SufuniaeunaIndniegay 20 N1slaefivnaIantvuIefay1sauIEIuggn 1,864 pC

Aovnadn? 19 Fadunisiavisanislulnsieiniaszuinuideauiy

nanIsnaaedluiiteiliauaennnesiuteyaluuinsgiu IEC 60034-

s

27-1 Ana1rnsaavisavsesianaslulnsioniaszuitudeauiuaiuisatindutiudu

' ¥ [
a a =< a =

anwaurroInIsAavIsafiinIundednsuans nneluauiunsntioas dufndulasne

1%
a

Susunsldnuauiagedugaveserynisidau nsliinsaneignisidauiaianisall iuas

9 9

a s dyd [ = a o o = [ = 1 1 [ Y See =«
ﬂ?'ﬁﬂﬁ‘miﬁlutﬂaLﬂutﬁ@ﬂﬂﬂ{ﬂa?ﬁiﬂLﬂi@ﬂ'ﬂﬂiﬂaﬁlﬁm s{iﬂillﬂa'J'lLiJum’JUQSUﬂ\?ﬂ']iLaallﬁﬂ’lW
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Coil No. PD Magnitude PD Type PRPD Pattern PD Pulse
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1,465 pC RIS 15 - | ;
1 Internal void discharges [ 2
669.97 pulse/sec E © Wm__
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PRPD Pattern
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o 3 . 1
N ]
ﬁ *
Falw ) | 0,05 —
& = 0 2000 4000
- Sk i " 516 Fioans r Time, ns
7 —
< — Channel 1 (F~4.2 MH2)
4 ! 0.2 4
Jte
Bl

1,094 pC
750 pulse/sec

Internal void discharges

¥ W s var as ar 15
ik ampisde- 1 175 Power L0 im#_Amgliode-109int_Pulsesle-T80 517 7T T0GHEETE

Amplitude, nC

i ‘

(.W\J—‘m

T
2000 3000 4000 5000
Time, ns




46

Coil No. PD Magnitude PD Type PRPD Pattern PD Pulse
% = Channel 1 (F+2.9 MHz)
| /3 0241
i
R 4 E A :::_
] 753 pC Al oo L :
nternal void discharges S B\ 5 ol
656 pulse/sec ‘354"" i = N
2 |
024
L o' 1 0 2000 4000
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Surface discharges in the

Coil No. PD Magnitude PD Type PRPD Pattern PD Pulse
o — 05
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Coil No. PD Magnitude PD Type PRPD Pattern PD Pulse
04 — Channel 1 (F~4.2 MH2)
f 2 02
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Coil No. PD Magnitude PD Type PRPD Pattern PD Pulse
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o 024
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Coil No. PD Magnitude PD Type PRPD Pattern PD Pulse
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feo o
| :\“ 02,
[ %&’. . 2
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4.2 NAN1INAFIUINAAYITIVNEIUVUARINALAARTTURIUURANTS

4.2.1 nsdisnasunslisuainuiaugangil 100 °C Waan 48 Halus

HAN1IVAdBUInfavIsIvIdINamaiurslnsuAINSauMugll 100 °C
Wutian 48 $alue fussdunagay 8.0 kV wu3n PDIV = 3.2 kV, PDEV = 4.8 kV, PD
magnitude (Qgc) = 2.152 nC guuuuAamFavdlunmshamsaniglulnsseniassning

& o A = Yo o ! ag v a
LUBRUIUY @QLLﬁ@QIug‘UV] 4.1 Lu@ﬂﬂnﬂﬂu’]u‘lﬂiUﬂjqﬂJiaugﬂN'}ﬂﬂ'ﬂqu‘ﬁﬂuﬂiﬂjﬂqu‘ﬂﬂ@]

wNINY LHDTHATANFULUUI LTI UNAFB ULALYUIAVBIRAYITIUE I
luguin 4.2 wudn ludaaian 5 U1insnTeIN1INAeUTILTIRUNAZOU YUIAYDIAAYIT]

U19EIUIAILN A AB U NI NBAI I L UL NN AILAE AN

U7 4.1 JUuuu PRPD vavamimeiunsldsumnuseugamall 100 °C uaan 48 dalus

Ll ¥ Wi
S Tmin33s 4min3es T min 445 10 min 495 vr\—d%

JUN 4.2 vunaussiulafaysausdinvesannesuslasuause

gaumndl 100 °C wunan 48 Hilus
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4.2.2 nsdiawmasunsldsuaudouaamgll 200 °C WWuian 96 Falug

HaN1INAdeUInAaYIsIVIdINanaTUIsiaTuANTouguMgil 200 °C
vuiian 96 Flug Ausadunmasu 8.0 kV wu3n PDIV = 4.8 kV, PDEV = 3.2 kV, PD
magnitude (Qec) = 2.019 nC jUkuURaTSIUV AL TuNSRawIsanIelulnseINAsEring

eauiu dwwandluzun 4.3 ewnawulasuanuseugunnnirgamgildauuni

waNINY HDTHATANFTUUUUT LTI UNAFD ULALYUIAVBIRAYITIUNIE Y
Tugu 4.4 nudn Tugaaaan 3 UI9kINYBINITNAADUNLIIAUNAFDU YUINVRIRAYIST
YA AN AN T D ULAR AT LN L TUIUIATI AR AdLALAINNINNIINTH RS UAI LS DU

gaumdl 100 °C wWunan 48 Falus

V2
8071 kv
Vi
8160k
y

50.02 He

JUN 4.3 JUuUY PRPD 2evainmesunslasuaiuseugamail 200 °C iuan 96 4alus

AT L

]
A YT T W "I A i )

y

SUN
U

4.4 VUIALTIAULALAAYISIUNEIUVDIALALADSUIS RS UAILS DU

gaumadl 200 °C Wunan 96 Halus



4.2.3 nsalammasunslasugaduidounladnluin

nansNAEeUInRaY1SaUsdILaamesuSlaSUAsUwouiilanlnii g
L39UNAEDU 8.0 KV Wui PDIV = 4.8 kV, PDEV = 3.2 kV, PD magnitude (Qgc) = 2.704 nC

sULUUAawSANRTRNsvRdansIARoURIt AUaTInABUAIUANAINASEARILARSUTY
1 4.5 (a3 niveRuINdANanUsn

waNINY HeHATANFULUUIUIALIWIUNAFB ULALYUIAYBIRAYITIUNIE I

Tugu 4.6 nudn Tugiaaan 8 UITkINVBINITNAADUNLIIAUNAFDU YUINVRIRAYIST
UEUTlALN AN Do s kA Tk LU AN anAILaL AT

Uil

CaN

4.5 5ULuY PRPD vesasmauslasudsuidloudlsiviluin

) TR A al

0 min 485

JUN 4.6 BnaLsTULAERaYSILIEILYlanwasurslasuAsluilounliialiin

4.2.4 nsalamnasunsiasuaaluilaununlwii

HanSAdoUIARaTSauNsdILames U SlaSuasUu ouiiin I s asuy
NAaau 8.0 kV wu11 PDIV = 4.8 kV, PDEV = 3.2 kV, PD magnitude (Qgc) = 2.607 nC

53



54

sULUUAavsanYRLeNravasEsiniouRt AvaTsAdaumUANAIUNATER Aakandlugy

7 4.7 \Up99NRIUBIRNIULANENUSA

waNINY HeHATANFULUUIUIALIWIUNAFB ULALYUIAYBIRAYITIUNIE I
Tugu# 4.8 wudn Turiaian 2 wiinsnveInIsNAgeUNLSIRUNAREY YUIAVDIRAVIFA

UNAIUIATLNIFIABUYIUINLR AL LLUVUIN NANA AT AN

Intensity |~ Msn | stetsk =
1997 ms
Gamut puises/s’ [1pD 600 1.1:

Qrc
. L 2,607 nC
-

MPD 600 1.1:
Viv2
8.020 kv

VRus
8.182 kv
fy

40.98 Hz

35U 4.7 3UlUU PRPD vasaianasuslas udsuuilouili

Repley overview

12,00 K-

2.000 kv
|

4min39s Tmin 485 10 min 525 13min5§s

UM 4.8 vwnusiulasfiavIiausdLvesannaursiasudsuidauimilini

4.2.5 nslaaLnasuIstasuaudananiena

nansnadeuinfafausduanme suIslaFum I EsmEMInaTus sy
NAdaU 8.0 KV Wuin PDIV = 3.2 kV, PDEV = 3.2 KV, PD magnitude (Qgo) = 10.18 nC
sunuviarsanaelulnssenmadsegmeluvesauiunsnhedsmiunsiavisaniely
Inssemassriaidauiuduandusu 4.9 Wesnauuldsuarudsmenanaiusion

HINN8UBNYBIRUIUNIBUSIUNURUIUNAN
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waNINY LHeHATANFULUUILIALIUNAFB ULALYUIAYBIRAYITIUE Y
lugu 4.10 wud Tudiaian 6 UILINYBINITNAADUNUIIAUNAGDU YUIAVBIAAYITY

! a Vw1 v P ' v 1 P = v
VWA IUUATLNINAIADUYIININ LN@L'Ja']NWUIULLU'JIUWUH']WlﬂJﬂQV] Iﬂ&JﬂJLLu’ﬂumaﬂm

MMMMMMM =
201 Gamut ENSHY

Qwm
. 2 10.18 nC

16.3

02 MPD 600 L.1:
Uv2
uoe 8,063 kv
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JUN 4.9 3ULUY PRPD 04alanasu1siasunisdenieniena

Repley cverview

1200 W

-
Ly

5000 KV !‘. ‘hli

i i, i
k MW:«'(‘ 'M%

Lt
L A nw,JMmm \
IlJl“! [" / "‘lj ""U’ oy i ||“f vqu\ MIM NJ\ r

4min 39s 7 mind5s 10 min 515 13 min 545

JUN 4.10 vuaLsAULaEAaYISIUNEINTRsEN oS USRS UALIEEEN NG

4.2.6 NSAAMMBSUISIASUAMNTUATEUBN

HanInedeUIARaSIUEILEmAas U AT UAMLL A eI aTILT I
Ay 8.0 kV Wu31 PDIV = 3.2 kV, PDEV = 1.6 kV, PD magnitude (Qgc) = 1.062 nC3UWUY
favnSausnuUi/MsIinsesuLLILEILTIB YR IUnaIn é’ma@ﬂugﬂﬁ 4.11 fiesan
aulduanutunsuendsualifeauiliihvinafimesean sluduiiogluses
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waNINY LHeHATANFULUUILIALIUNAFB ULALYUIAYBIRAYITIUE Y
lugun 4.12 wudn Tuaheaan 8 wfksNYeINITNARBUNLIINUNAABY YUIAVDIRAYIST

U19EI LI AN AL NLAI I WU LUV N AN A ILAT AN

Intensity |~ Msn  stetst =
™ Gamut pujsess’ [1pD 600 13-

Qrc
. =L 1.062nC

MPD 600 1.1:
Viv2
8.103 kv

VRus
8.286 kv

Repley overview

|
1200 k- ' NT I|

5,000 e *"“" : il
IJ“ A N

d'll ne i"‘wﬂ.duul

4.000 KV

P
1min33s 4min39s 7 min 455 10 min 515 12 min 57%

JUN 4.12 Y0 sRULaERaYISau NI TUNS INTURNUTUA B UeN

4.3 HANSNAFDUINAEYISIUNNAIUVDIUAANALALADSAIAFUIN

4.3.1 HaN1SNAEaUINREAYITIVINEIUNTE Gen A

ﬂ\laﬂ']3‘1/]@aanﬂaﬁsﬁqgﬂUﬁlﬂdju%@Q%ﬂaﬁﬂaLmLm@%ﬂqﬂﬂuqiﬂﬂiﬂj Gen A
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ft N & a o o cal v v i P~ a a s
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UEINUsEINN Q,, = 600 pC éfmamiugﬂﬁ 4.13

d‘ a a 6 1 &€ d' 1 d'
Weasanruialszafaviauvdnluvaainawineslugun 4.14 wuidi
LSIPUNAFDUVUINVDIAAVISAUINIAIUL ANUNUNIUDE1UINARDABIWIANAZDU 5 U T4

= Y o i | Aa v & v
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dmSugusedyaauiaduosiiaunsauidining 1, 3 uaz 5 uiduualdy
YoUUAUTENANAY Aig 749.7, 343.5, uag 198.3 mV U1 faanslugui 4.15

o a5 90 135 180 225 270 315 360

i Phase {dogrec)

SUT 4.13 JUuuy PRPD Tuvsaiaataiaes Gen A

I 1200 —— — e e -
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JUN 4.14 vunaUssaRaviiavsdluvaainamines Gen A
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j M*‘..?.'.ﬁmmww ’ ;Nww.?*gwwwwwwwm” : M“*‘M WM gy

(M) 381 1w (@) 24 1381 3 W (A) a4 1381 5 U
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JUN 4.15 sUTedyaaiaduesiay1sauedIu Gen A

4.3.2 HaN1SNAFIUINAFYISIUN9EIUNS Gen B

HANISNAADUTAREYITIUNAIUVDIVAAINALALMDTNIAAUINATA Gen B

WU JUKUU PRPD wansfiansiavisaunsdiuniglulnssenniageegnigluresauiunsil
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reddsdaduunidmSuauiuanalnainn s rﬂfmummuImammmamiamqmu
Useaa Q. = 100 pC é’fumm’lugﬂﬁ 4.16

WeNarsanruiaUszafaviausdnluvaatnawmineslugun 4.17 wuid
LSAUNAFDUTUIAYBIRAYITIU A IUANUNUHINBE1NUNARBAT IR MAZBY 30 TUN

15N NOUNILISUAITILYINETT 2 B9 5 uisaulaefilullduanaddntios
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4.3.3 HAN1SNAFIUINAEYITIU9AIUNTA Gen C

HANITNAAUIARAYITIUNAIUYIVARIAALABIA1AAUIUNTH Gen C
WUl JUWUU PRPD wansiensiansaunsdiuniglulnsionniagsegnigluvesauiunsin
J9aLALAAININITUENTUYDIANIUNTIMERARETITALIY TnellvuinfayTauisdiuy

Us23104 Q. =150 pC Fauandluguil 4.19

Wearsanruinlszafaviauvdnluvaainawinesiugui 4.20 wuii
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j Amplitude =41.11 - Amplitude = 8.125 ) Amplitude = 6.736
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(M) 4 v3an 1w () 84 1381 3 W (M) a4 13an 5 Uil
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JUN 4.21 sUTedauiaduesiaviauidiu Gen C

Y

4.3.4 NANISNAFAUINREYISIVNNEIUNSA] Motor A

NansnadeuinRarfaUIsdILAAADTUIS AMARUILNTE] Motor A Tiuseiu
naaau 4.0 kV wu21 PDIV = 2.04 kV, PDEV = 1.95 kV, PD magnitude (Qg) = 4.301 nC
sUuuuRam$ansdudunsfanianielulnssemassvinioauu fuandugud 4.22
dosnauuldsunrmieugdsdeduguiuuilainsafniuldtuauwennanannes

= d’ 1 U %
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Conditioning period Measurement period

6.000 kv

1min57s 12 min37s

Qic @Ug: 1 min = 3.65 nC, 5 min = 4.3d nC, 10 min = 4.301 nC

SUN 4.23 YuauseiulaziassauedIn Motor A

4.3.5 HaNINAFUINREYITIVNNEIUNSE Motor B

Nan1sMRFRUIRRATIFIUIEILAIABSUIS MARLINNTE Motor B Tusesy
naaau 4.0 kV wui1 PDIV = 1.37 kV, PDEV. = 1.14 kV, PD magnitude (Qg) = 3.452 nC
sUvuRar$ausdmiiunishar faanslulnsseniasevitadoauiusantunis
Rawnsadonnasuenturesauauninadiod fuanduzu 4.24 Weswinauuldsuanu

Souge udiilosrelivunilidawnn anansoveusuld

WBNANY LWBNTUNFULULINALTIRUNAGBULALIUINYBIAAY TSI
Tugun 4.25 wudn ludiaean 5 Y1MWINU8IN1TNAGUNLTINUNATDU YUINTDIRAYITT

veduilimgegauasiiuuiliianadegisieiiio unTENIAlUIAN 10 VeI IadeU

o
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80 C

umq} 0C 1) 0C 2| IPARD/ICIRD | Gate | lipse
g

gﬂ‘f/’i 4.24 5Uuuy PRPD luwnainalames Motor B



62

Conditioning period Measurement period
19.000 kV

2.000 kV 20 nC
\4 By
1min58s 5 min 47 s 9min39s 13min30s 17 min 225 t

Qec @Ug : 1 min =3.12 nC, 5 min = 3.20 nC, 10 min = 3.45 nC

[V —

5UN 4.25 unusefiulaziasisaunsdin Motor B

4.3.6 HANINAFBUIARAVISIVINEIUNTE Motor C

wansaaeuinRaw fautsdLamAeTUIFMAFULINTE Motor C Tiussiu
NAaoyU 4.0 KV Wuin PDIV = 1.06 KV, PDEV = 0.82 kV, PD magnitude (Qgc) = 14.73 nC
sUwvuRaravduiunsiananislulnsoniassuitadeauiusiudu nisiasda
UsaidulangvenaIn ﬁQLLmﬂugUﬁ 4.26 (s nauiuiinnuanysnunaUaie
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8.000 v Conditioning period ‘ Measurement period
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Abstract — Partial discharge (PD) measurement is widely used for
the condition assessment of high voltage equipments. It is a tool
to detect the localized discharges occurring in the weakness point
sites, which causes deterioration that can lead to failure. Hence,
it is essential to diagnose the PD behavior to prevent the
consequent failure which maybe takes place. This paper presents
an analysis of the offline PD measurements performed on the
stator winding insulation system of three turbo-generators which
consist of a hydrogen-cooled generator rate of 211.75 MVA,
15.75 kV, and two air-to-water heat-cooled generators which the
same rate of 50.8 MVA, 11.5 kV, which were located in the power
plant. Firstly, the offline PD measurements of these generators
have been energized to the star point side and the high voltage
coupling capacitor is installed on the high voltage terminal side,
according to IEC 60034-27-1. Additionally, the test voltages were
applied to the test object with a step voltage profile. To analyze
the PD behaviors of the stator winding insulation, the PD
characteristics such as the PD pulses, PD magnitude, and phase-
resolved PD (PRPD) patterns were monitored and recorded.
Besides, the effect of applied test voltage-time, i.e., 1, 3, and 5
minutes, on such characteristics were reported and compared.
Finally, the PD behavior of the stator winding insulation of these
generators showed clearly different results for PD measured at
different recording times. The highly fluctuating PD magnitude
and PD pulse shape at the initial duration of the measurement,
and then gradually decreases to convergence to a stable charge
magnitude as the test-time increases.

Keywords: PD in rotating machine, PD fest time interval, Partial
discharge, Turbo-generators, Different test time

L INTRODUCTION

The generator is important equipment in the power system
that produces electrical energy. In long operation, it is often
affected by various stresses which cause the insulating
properties of the equipment to have deteriorated, such as
thermal stress, electrical stress, mechanical stress, and
contamination caused by ambient. Furthermore, the most
weakness leading to failure occurs in the stator winding
insulation [1,2].

Thermal stress is a factor that affects the inevitable
deterioration and determines the life of the insulation. This is
caused by frequent switching on and off of the machine or
operating at temperatures above the insulation level for a long
time. Electrical stress is usually caused by partial discharge.
This 1s due to the presence of an air gap in the groundwall

insulation at the step between the conductor and the stator core
at operating conditions of rated voltage above 3 kV. In
addition, mechanical stress, in normal operating conditions, the
stator winding 1is subjected to electromechanical stress.
Electromechanical force that 1s twice the power frequency can
cause loosening and vibration during operation. Another
factor, Ambient stress, is often exposed to harsh environments
such as humidity, oil, and dirt, which will cause poor cooling
problems [3,4].

Partial discharge (PD) measurements have been the method
of choice for generator risk assessment for over 70 years [5].
At present, it is a widely used tool for the effective
identification of problems and discharge locations that occur in
stator bar insulation systems [6]. According to the TEC 60270
definition, PD 1s localized electrical discharge that only
partially bridges the insulation between conductors and which
can or cannot occur adjacent to a conductor [7].

Although the PD measurement is one of the important tools
for diagnosing generators. However, it takes a great deal of
expertise and abstruse understanding to get the right results.
In particular, on-site testing of generators is often governed by
many limitations. One of them is the time spent on testing.

In this paper, it is desirable to study the effect of time
intervals for test voltage applied for offline PD testing in
generators at different test time intervals. It was analyzed and
compared the PD behavior of the stator winding insulation, the
PD characteristics such as the PD pulses, PD magnitude, and
phase-resolved PD (PRPD) patterns were monitored and
recorded, which is the effect of applying test voltage at
different time intervals.

II. THEORY

PD is a local electrical discharge that only partially bridges
the insulation between conductors [7]. It can occur both near
the conductor and away from the conductor. which is the
specific location where it is subjected to high electric field
stress and the insulator is inhomogeneous. This could
ultimately lead to a complete breakdown. PDs can be classified
into three types: Internal discharges, Slot discharges, and
surface discharges that occur outside of the slot, also known as
end-winding discharges [8].

Internal discharges are PDs that occur within the insulation
between the conductor and the elements attached to the iron
core. This includes discharging caused by air pockets within
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the main insulation layer as a result of a manufacturing process
that cannot completely eliminate these air gaps even with new
stator bars [8]. However, the present epoxy-mica insulator is
designed to withstand higher discharge loads and uses a global
vacuum pressure impregnation technique that reduces air
pockets that can occur both within the main insulation and the
interface between the stator bar and the iron core. In addition,
internal delamination is another type of discharge. Internal
discharges occur in the groundwall insulation as a result of
impaired impregnation. Furthermore, the separation that
occurs between the groundwall insulation and the conductors
due to the presence of longitudinal air pockets is considered a
debonding discharge, which is caused by exposure to extreme
temperatures coupled with mechanical force stress until
eventually can cause separation [9].

Slot discharges in generators are caused by a malfunction
of the semi-conductive slot coating, which can be caused by a
loose bar or slot wedge [7]. Therefore creating a gap between
the semi-conductive slot coating to the steel core. Then, the bar
is scratched or abrasion on the surface of the semi-conductive
slot coating. The cause of this damage is partly due to the
looseness of the bar due to electromagnetic force causing it to
vibrate and scrafch the bar. The result of this event affects a
potential difference between the bar and the iron core. Uneven
electric field stresses lead to the development of PD, which is
a danger to the insulation system and requires immediate
maintenance [8,9].

Another type of PD is surface discharges, which refer to
discharges that occur in the overhang or end-winding region of
the stator windings [8]. They occur in areas subject to high
electric field stress, such as the mterface between slot grading
and overhang, the gap between the bar outside the slot and the
press finger, and the end-winding surface between each phase
due to the clearance of the overhang with poor support
elements [9].

III. EXPERIMENTAL INVESTIGATION

A. Test Objects

The on-site offline PD measurements were performed on
three generators: a hydrogen-cooled generator rate of 211.75
MVA, 15.75 kV, and two air-to-water heat cooled generators
which the same rate of 50.8 MVA, 11.5 kV, which were
located in the coal power plant as described in TABLE I,
including on-site operating conditions are illustrated in Fig.1.

o0y,

Test object

HV Terminal side

TABLEL DETAILS OF THE INVESTIGATED TURBO-GENERATORS
Details of The Generator
Generators
MVA KV Year | Ins. ciass | PP
cooling
Gen 1 21175 | 1575 | 1997 | Classp | Fydrosen
Cooled
Air-to-
Gen 2 50.8 11.5 1999 Class F Water
Heat
Air-to-
Gen 3 50.8 11.5 1999 Class F Water
Heat

Figure 1. The investigated turbo-generators:
(a) Gen 1. (b) Gen 2, (c) Gen 3.

B. Off-line PD Measurement Test Setup

The test setup for offline PD measurements of these
generators according to IEC 60034-27-1 is depicted in the
diagram in Fig. 2 [8]. It can be seen that the 1 nF high voltage
coupling capacitor is installed on the high voltage terminal side
mside the busbar terminal box and the test voltage is applied to
the star point side of the generator.

C. Off-line PD Measurenment Procediire

After that, the desired frequency band was adjusted in the
range of 100 kHz — 50 MHz, following the capabilities of the
PD measuring instrument used to measure. For normalization
of the measuring circuit, it must be calibrated with a known
standard charge via the high voltage terminal side of the test
object. Subsequently, background noise recording is started
before applying a step test voltage of 0.2 times the maximum
applied test voltage (Up,y) fo each stator winding. At each step
of the application, the voltage is held for approximately 1
minute and increases to the test voltage, which means the
operating line-to-ground voltage of the insulation system (Up).
While one phase winding is being measured, the other phase
windings are grounded. Then, start recording the measurement
results via the HVPD Kronos® Spot Tester and computer.

HV area Safe area

PD calibrator

PD Spot Tester

Volt. Ref.
Computer

HV fest C
transformer reactor ? InF
— iZm
— 9
-1 PDouttoCHl L |

Figure 2. Diagram of the off-line PD measurement test circuit for the stator windings of the turbo-generator.
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While the stator windings were energized at test voltage,
the PD pulses, PD magnitude (Qy.x), and phase-resolved PD
(PRPD) patterns were monitored and recorded to observe
results at different test voltage-time, i.e., 1, 3, and 5 minutes.
The PD activity was measured at a wide band frequency (1-30
MHz). Finally, step down the test voltage in the same manner
as when supplying voltage until the PD is not measured.
Perform the measurements as described above on the other
two-phase windings.

As this is an on-site test, it is normal to be disturbed by an
uncontrolled environment. Ambient temperature during
measurement is in the range of 30-37 °C and ambient humidity
is about 50-70 %.

IV. RESULTS AND DISCUSSIONS

This section presents the results of offline  PD
measurements for all three stator windings of the turbo-
generators. To make it easier to understand, this paper reports
the most definitive results of PD measurements of individual
turbo-generators.

A. PRPD Patterns

Based on offline PD measurements with all three turbo-
generators over 20 years of age, it 1s common for PD to be
detected. From the observation of the PRPD patterns shown in
Fig. 3-5, it can be seen that the patterns are internal discharge.
This is a characteristic that indicates the presence of PD in the
mica insulation, known as delamination. However, when the
test voltage was considered at 1, 3, and 5 minutes, the observed
PRPD patterns were not significantly different.

o 5 %0 135 ™ 2] m s 60
Phase {degroe)

Figure 3. PRPD Pattern of the Gen 1.

Charge (pC)

0 i %0 s 0 s 170 31 360
Phasc (degree)

Figure 4. PRPD Pattern of the Gen 2.

100 150 200 250 300 10

Phase (degree)

Figure 5. PRPD Pattern of the Gen 3.

B. PD Pulses Shape

At the time of the three test-time positions was interested.
The PD pulses measured across all generators showed that the
pulse magnitude was very high during the initial test voltage
step. But after 1 minute, the magnitude of the detected pulses
decreases. The detections at 3 and 5 minutes have a pulse
magnitude that decreases as well as a longer duration. As the
results are presented in TABLE IL.

However, the PD signal is measured over a wide band
frequency range. So, noise has a large influence on the signal
detection of the measuring instrument. which affects PD pulses
that occur at the long test-time and may have a pulse shape that
was difficult to detect as a true PD signal.

C. PD Magnitude

When considering the magnitude of the maximum PD
charge that can be measured at a maximum test voltage, the
line-to-ground rated voltage (Up), for 5 minutes.

For Gen 1, the measurement results are illustrated in Fig.6.
Notice that from the beginning of the recording until the end,
Quax has very high volatility. Although the peak of Qux at 1,
3, and 5 minutes were compared, which were similar.
However, when looking at the highest and lowest values, the
difference was about 700 pC. Overall, the coulomb trend is not
a very noticeable downward trend.

When contemplating Fig. 7, shows the trend of Quax for
Gen 2. It can be observed clearly that in the first 30 s, the PD
charge was twice the magnitude of the average charge (Qaye).
Additionally, the Qumax at positions 1, 3, and 5 minutes were
similar. But, from the start to the end of the recording, the Qmax
was unpredictable. In addition, the trend of the peak magnitude
decreased with the duration of the test.

The Qumax measured from Gen 3 was obviously evident very
high at the start of the measurement. It then dropped markedly
over the increased test time. To converge closer to the stable
charge line as indicated in Fig. 8. In this case, the trend
converges towards a charge of about 50 pC.

However, the similarity of the three generators observed
was the highly fluctuating Quax at the initial duration of the
measurement. This can be a result of the voids within the
groundwall insulation being subjected to high electric field
stress when initially stimulated, leading to strong discharges.
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TABLEIL

COMPARISON OF PD PULSES SHAPE MEASURED AT 1, 3, AND 5 MINUTES OF THE TEST TIMES

Generators

PD Pulses Shape

1 minute

3 minutes

5 minutes

Amplitude = 749.7 mV

if W.J'm»_ - T

Gen 1

Amplitude = 3435 mV

Amplitude = 198.3 mV

mww\;mmwmwwwmw

ko

Amplitude =8.791 mV

_M\M),""’\*,WWW"MM‘“‘W{

Gen 2

; #(Wh

Amplitude = 6.291 mV

e o

Amplitude = 6.526 mV

——

Amplitnde = 41.1 mV

Gen 3 1 m.mm«lm‘l"a"',\w';.w.w.w.-w.w.w,.-.Mww

Amplitude = 8125 mV Amplitude = 6.736 mV

1200 W

1000
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+ (=} =]
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S
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Figure 6. PD Magnitude of Gen 1.

Magnitude (pC)
g 8 8

=}
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Test time (s)

180 210 240 270 300

Figure 7. PD Magnitude of Gen 2.

Over time, the electric field stresses formed within those
voids tended to be more uniform or charge transfer more
difficult. As a result, the magnitude of the PD tended to
decrease and was relatively stable towards the end of the
measurement.
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V. CoNcCLUSION

Expensive and difficult offline PD measurement tests are
operated on-site in the power plant area. This paper showed
clearly different results for PD measured at different recording
times. Although the PRPD pattern at different intervals gave
results of a similar pattern, this was reasonable because the
PRPD pattern can indicate the type and region of the PD
source. However, noticeable differences were observed in the
pulse shapes and the magnitudes of the PD occurring. During
the first few minutes of testing at the Uy, the resulting PD
behavior fluctuates unpredictably.

Therefore, it can be said that if the PD data are recorded
immediately once the test voltage is applied, the data are highly
erroneous, and no stable PD behavior is detected. In particular,
the magnitude of the instantaneous recording or duration of the
first few minutes is not the same magnitude that occurs due to
signal instability.

For this reason, the implementation of conditioning as
recommended by the TEC 60034-27-1 standard is highly
necessary [8]. When analyzing the trend in PD magnitude, it is
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possible after 5 minutes; the measured magnitude may not be
stable. Therefore, it would be great to perform conditioning
before recording the PD data if it can be done for more than
5 minutes so that the recorded data are the most stable PD
behavior. But, with many limitations inherent in this
experiment and the practical test, long conditioning is not
feasible.

This is because practicality requires control of factors such
as time constraints and costly budgets for PD measurement.
Also, excessive conditioning may damage the dielectric
properties of the stator windings. Most importantly,
conditioning needs to be performed at least according to the
guidelines of the standard.

ACKNOWLEDGMENT

The experiment within this paper will never be possible.
If not for the great support which the author would greatly
appreciate. In particular, PD Solutions company limited has
supported excellent equipment and PD measuring equipment.
For use in Offline PD testing onsite. This includes transferring
knowledge about testing and facilitating field operations. Most
importantly, We would like to thank you Mr.Thanet Worthong
Maintenance Electrical Section Manager, Global Power
Synergy Public Co., Ltd. staff for facilitating the whole period
of field testing.

(1]
(2]

(3]

[4]

[5]

[e]
{7

(8]

]

REFERENCES

Andreas Kiichler, High Voltage Engineering Fundamentals Technology
Applications, 1st Ed., Germany, Springer, 2017.

G. C. Stone: “The Statistics of Aging Models and Practical Reality,”
IEEE Transactions on Electrical Insulation, Vol. 28, No. 5, 1993, pp.
716-728.

Anders Helgeson, “Analysis of Dielectric Response Measurement
Methods and Dielectric Properties of Resin-Rich Insulation During
Processing,” Ph.D thesis, Department of Electric Power Engineering,
KTH Royal Institute of Technology, 2000.

W. McDermid, Manitoba Hydro, “Insulation Systems and Monitoring.
for Stator Windings of Large Rotating Machines,” IEEE Electrical
Insulation Magazine, Vol. 9, No. 4, 1993, pp. 7-12.

J. S. Johnson, ‘‘Slot Discharge Detection Between Coil Surfaces and
Core of High-Voltage Stator Windings,” Trans. Amer. Inst. Electr. Eng.
Vol. 70, pp. 19931997, 1951.

Pemen, A. J. M. (2000). Detection of partial discharges in stator
windings of turbine generators. Technische Universiteit Eindhoven.
IEC 60270:2000/AMD1:2015, Amendment 1, 2015. High-Voltage Test
Techniques - Partial Discharge Measurements. International
Electrotechnical Commission, Switzerland.

IEC 60034-27-1:2017, Rotating electrical machines - Part 27-1: Off-line
partial discharge measurements on the winding insulation. International
Electrotechnical Comumission, Switzerland.

HUDON, C.; BELEC, M.: “Partial Discharge Signal Interpretation for
Generator Diagnostics,” IEEE Transactions on Dielectrics and
Electrical Insulation, Vol. 12, No. 2, pp. 297-319, 2005.

Authorized I\ce@saeReﬂhﬁtgﬁﬁﬁmﬂﬁﬁ&J@Eﬁﬁéﬂﬂhﬁngm&ﬂ&%@})lﬁdkrabang provﬁf—:& 9y7l]n|Net, Downloaded on April 01,2024 at 09:11:02 UTC from IEEE Xplore Restrictions apply.



84

2. Siwakorn Jeenmuang; Warisanan Rojanasunan; Kritsada Dorkmai;

Komin Chumpiboon; Patt Udomluksananon; Norasage Pattanadech,
“Partial Discharge Testing on MV Motor — Case Study,” 2023 International
Symposium on Electrical Insulating Materials (ISEIM), Shimane, Japan,

2023, G2 , pp. 100-102.



2023 International Symposium on Electrical Insulating Materials (ISEIM) | 978-4-88686-437-6/23/$31.00 ©2023 |EEE | DOI: 10.23919/ISEIM60444.2023.10329220

<7\

) IEEE ¥

Proceedings of
2023 International Symposium on
Electrical Insulating Materials

(ISEIM 2023)

September 24-28, 2023
Matsue City, Japan

Sponsored by

IEEJ Technical Committee on Dielectrics and Electrical Insulation

Technically Co-sponsored by

IEEE Dielectrics and Electrical Insulation Society
[EEE DEIS Japan Chapter

85



G2

86

Conference Proceedings of ISEIM 2023

Partial Discharge Testing on MV Motor —

Siwakorn Jeenmuang
Department of Electrical Engineering,
School of Engineering,

King Monghkuts Institute of Technology
Ladkrabang,

Bangkok, Thailand
66016093(@kmitl.ac.th

Komin Chumpiboon
Department of Electrical Engineering,
School of Engineering,

King Mongkuts Institute of Technology
Ladkrabang,

Bangkok, Thailand
65016014@kmitl.ac.th

Case Study

Warisanan Rojanasunan
Department of Electrical Engineering,
School of Engineering,

King Mongkut s Institute of Technology

Ladkrabang,
Bangkok, Thailand
warisanan2070@gmail.com

Patt Udomluksananon
Department of Electrical Engineering,
School of Engineering,

King Mongkuts Institute of Technology

Ladkrabang,
Bangkok, Thailand
Udomluksananon. p@gmail.com

Kritsada Dorkmai
Department of Electrical Engineering,
School of Engineering,

King Mongkut's Institute of Technology
Ladkrabang,

Bangkok, Thailand
65016010@kmitl.ac.th

Norasage Pattanadech
Department of Electrical Engineering,
School of Engineering,

King Mongkut s Institute of Technology
Ladkrabang,

Bangkok. Thailand

Abstract— A failure of a medium voltage (MV) motor during
its operation could force an outage of the power plant and also
lead to a loss of cost. Hence, the method to ensure the insulation
quality of such a motor is needed. Partial discharge (PD) testing
is one of the effective methods used to determine the defect and
evaluate the integrity of the machine insulation. This paper
presents the application of off-line PD testing on MV motors. In
the experiment, the PD test instrument conforming to standard
IEC 60270 was used as a charge-based measurement. Moreover,
during the PD testing, an acoustic imaging camera was
emploved as an alternative technique for locating the PD sources
in the stator winding part. Once PD takes place, it can generate
the pressure acoustic wave that propagates surrounding the PD
source. Thus, the PD source in the area of endwinding can be
located by this technique. From the charge-based PD test
results, the phase-resolved PD (PRPD) pattern was considered
to identify the type of PD source. It was found that almost MV
motors tested have delamination in the bulk insulation. In some
cases, the PRPD pattern exhibits the discharge in the area of the
overlap region between the semiconductive and stress grading
coating in the slot exit, which confirms by using the acoustic
technique.

Keywords—partial discharge, MV motor, stator winding,
PRPD pattern

I. INTRODUCTION

Partial discharge (PD) test is an effective tool to diagnose
the insulation of high voltage equipment for decades [1]. In
the case of rotating machine insulation, PDs are symptoms of
several problems that can be detected in both off-line and on-
line schemes [2]. Unlike the other insulation system, e.g.,
polymeric material in cable insulation, oil-paper in power
transformers, which such organic material ultimately defeated
by PD,

Typically, rotating machine insulation normally
undergoes several stresses, so-called TEAM stresses, during
its service lifetime [2]. As thermal stress, the insulation could
be delaminated by separating mica layers due to such thermal
stress. Furthermore, due to load cycling, thermal cycling could
lead to debonding between copper conductors and insulation.
Moreover, if stator coils/bars in the slot portion have loosed,

norasage.pa@kmitl.ac.th

this could lead to slot vibration, leading to abrasion of
semiconductive coating yielding slot discharges type. Those
PD problems could be classified using pulse height analysis
(PHA) by considering the symmetrical of PD pulses of
different polarities [1].

Several sensors and techniques of PD measurement on
rotating machines in both off-line and on-line measurement
are stated in [3]. Besides, there was found that using an
acoustic camera (sound cam) is capable of locating the PD
sources in the endwinding area as in [4].

II. METHODOLOGY

A. Motors under test

In this paper, an induction motor with a rate of 2.8 MW,
6.9 KV (Us=4 kV) is investigated. This motfor has been
brought to the workshop for overhaul as maintenance
planning. This motor with accessible star point terminal and
is able to isolate each phase. Thus, there was allowed to test
the stator winding at its phase separately.

B. Off-line PD measurement system

For off-line PD measurement of MV motors, the test
system is schematically shown in Fig. 1. The AC test system
with a parallel high voltage inductor was utilized to gain the
ability with a high capacitive load, especially in the generator
and motor. With this system, there 1s the capability to test ngh
capacitive load up to uF range at ten kV or even higher (for
instance, in the case of a hydro generator). The insulated cable
(length up to 50 m) was used to connect between high voltage
inductor to the motor, which enabled fo test in remote area.
Besides, the high voltage lead from test transformer was
connected to neutral side of the machine stator winding. Since
the inductive nature of winding, noises generated from
sources side were almost attenuated offering the higher signal-
to-noise ratio (SNR) and thus gaining sensitivity of the
measurement.
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Fig. 1. PD test arrangement on MV motor with accessible and can
dismantle neutral point.

For PD measuring system, a coupling capacitor (1 nF) with
a coupling device was used to decouple PD from the insulation
under the test as a charge-based PD measurement. A coupling
capacitor was connected to the high voltage terminal side,
while the remaining two phases were shorted to the ground.

In addition, the acoustic camera was used as an alternative
technique to examine the PD characteristic, which has the
ability to locate the PD at the endwinding area. From this, the
corona discharge at the junction between semiconductive and
stress grading coating, surface tracking discharge, and
discharge between phases could be detected.

C. Test procedure

After the test circuit ‘was  set, the normalization
(calibration) was performed by injecting a known charge
value by pulse calibrator into the machine's terminal. In this
experiment, PD at low frequency (LF) is used with a
bandwidth of 100-400 kHz. LF range for off-line PD
measurement is recommended as there was the capability to
see PD in over wide area [ 5, 6]. Next, before acquiring the real
recording PD characteristics, the condition at a test voltage of
Uy was done for 5-10 mins, as recommended i [7], for
conditioning the winding insulation since the PD magnitude
might be high at first. After the conditioning period, the
voltage was thus re-applied with a stepped voltage increase
(voltage increment of 0.2Ug) and monitored the PD behavior
at each test voltage level up to a maximum test voltage of
about 6.6 kV (1.7Uo). The PD inception voltage (PDIV) and
PD magnitude (Qmc) at specified test voltage were reported.

III. TeEsT RESULTS

The PD testing was conducted on each phase of the stator
winding insulation. The PRPD patterns of phase U at different
voltage levels are illustrated in Fig. 2. The PDIV was about
24 kV (0.6Ug). The PRPD patterns exhibited  internal
delamination with a PD magnitude of about 1 nC until the
voltage of 4.8 kV was reached. With a gradual increase in the
test voltage, another PD pattern was observed with increasing
in the PD magnitude up to about 3 nC at a maximum test
voltage of 1.7U,, or about line voltage.

(a)

(©) (d)

(8)

Fig. 2. PRPD patterns of phase U at different voltage levels (a) 0.6U,
(PDIV) (b) 1Us (c) 1.1Us (d) 1.2Uq () 1.4Us (£) 1.6Uq (g) 1.7Us.

The PRPD patterns of phase U at different voltage levels are illustrated
in Fig. 3. The PDIV was about 2.5 kV (0.6Uy). The PRPD patterns exhibited
internal delamination with a PD magnitude of about 1 nC, and increased to
about 5-6 nC with increasing test voltage.

() (b)

Fig. 3. PRPD patterns of phase V at different voltage levels (a) 1U, (b) 1Up
(c) 1.2Up (d) 1.5Up (e) 1.6U, (f) 1.7U, (recording time 3 min).
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PRPD patterns of phase W at different voltage levels are
illustrated in Fig. 4. The PDIV level was about 3.2 kV (0.8Uj).
It was evidenced that the PRPD pattern changed with
increasing voltage but with an unchanged PD magnitude

(Qro).

(a) (b

(e) ®

Fig. 4. PRPD patterns of phase W at different voltage levels (a) 1U, (b)
1.1Up (¢) 1.2Uq (d) 1.5Ug (e) 1.6U, () 1.7U, (recording time 3 mins).

Using an acoustic sensor allows us to pinpoint the PD
source, as shown in Fig. 5. In Fig. 5, the visible PD source, as
observed from the acoustic camera of phase C, starts to be
found at a test voltage of 3.2 kV (or at PDIV level). While
phases U and V were found at higher voltage, about 1.2Uj,.
Besides, It was found that the PD source was located at an
overlap region between the semiconductive/stress grading at
the slot exit. Besides, the location was the coil near the HV
terminal side. It is not surprising since, in operation, that part
was subjected to higher voltage stress than other parts as
voltage distribution along the winding. From this, the higher
stress, the higher rate of degradation will be. Therefore, the
assumption was that the PD patterns were likely to be
semiconductive and stress control grading overlap failure as
the overlap region became nonconductive, resulting in the
electric field enhancement at that area [2]. Thus, the internal
PD under the stress control grading was likely to occur.

“\'\'\\ s

Fig. 5. PD detected with an acoustic sensor of phase W.

IV. CoNcLUSsION

This paper presents the investigation of PD testing on the
motor stator winding insulation. Off-line PD testing with
charged-based techniques was performed. Besides, the
acoustic camera was also employed as an alternative
technique to examine the PD that occurs in the stator winding
insulation as it was capable of locating the PD sources at
endwinding region. The test results revealed that the highest
PD magnitude of about 30 nC was detected, and the PD
location observed from the acoustic camera was at the
semiconductive and stress control grading overlap region.
Besides, even though the PRPD patterns were changed with
increasing the test voltage, the PD magnitude was still
unchanged up to the maximum test voltage.
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Abstract— The failure that occurs in the underground cable
systems leads to losses in many aspects, not only in the power
system but alse in the commercial and business. The most failure
location in medium voltage underground cable systems is cable
joint and cable termination, where the defects occur from poor
workmanship. This paper represents the mean to investigate the
dielectric properties of the 22 kV XLPE underground cable
system to assess the insulation's integrity of the underground
cable system. In the experiments, the underground cable system
specimens were prepared by simulating the defects in cable
joints, i.e., the iron powder on the XLPE surface and the incision
on the XLPE surface; moreover, the underground cable system
with the healthy condition joint was prepared to represent the
new (or unused) underground cable system. To compare the
dielectric properties in the frequency domain of the 22 kV
underground cable systems with defective joints and the healthy
condition joint, the frequency domain spectroscopy (FDS), the
off-line non-destructive test, was performed in this research.
From the test results, the dielectric dissipation factor shows a
significantly different value in the case of iron powder when
compared with the healthy condition joint. It reveals the loss
peak on the curve at a frequency of 1 Hz. However, the case of
incision on the XLPE surface is almost similar to the healthy
condition case. The real part of the complex capacitance of all
three cases has a constant value in the measured frequency
ranges using the log-log scale. However, the imaginary part
capacitance shows the distinct value of all three cases, of which
the trends are the same as the dielectric dissipation factor curve.

Keywords—underground cable system, defective joint,
frequency domain spectroscopy, dissipation factor

I. INTRODUCTION

Nowadays, electrical energy is essential for personal daily
life or business utility. Therefore, high-voltage equipment's
reliability and long-term performance are a considerable
concern for electrical utilities [1]. So, the electrical power
system must confidently assure all users that it is reliable to
operate and be able to avoid electrical power transmission or
distribution system interruption [2]. The insulation system of
the underground cable systems, the equipment for transmitting
and distributing - the ' electrical energy, must be high
performance to withstand the stresses, i.e., thermal stress,

electrical stress, mechanical stress, and environmental effect,
which the underground cable system or other high voltage
equipment must be affected throughout operating time [3].
These stresses can degrade the insulation systems. Moreover,
the cable accessories, i.e., cable joint and cable termination,
are sensitive and can be the underground cable system's weak
point which may lead to a failure event [4]. The failure of the
underground cable systems leads to a loss in many aspects, not
only in the power system but also in the commercial and
business. The most problem with cable accessories is poor
workmanship in the installation or maintenance processes [4,
5]. These processes require good and clean ambient conditions
at the installation site and a sufficiently experienced jointer.
The caution of cable accessories must avoid an improper
installation, including material selection, dimension and
position of completely assembled components, etc. It tends to
enhance the local electric field stress and deteriorate the
insulation system. So, a failure prediction, or insulation
condition assessment, is the method to enhance the system's
reliability and prevent an unexpected failure event that may
occur in service [5].

This research studies the dielectric properties in the
frequency domain of the 22 kV underground cable systems
with defective joints to simulate the problems that may occur
by poor workmanship. The joint sections were simulated by
making the defects, i.e., the incision on the XL.PE surface and
the iron powder on the XLPE surface, in the joint. Another is
the healthy condition joint for comparing the test results with
the unhealthy specimens. The dielectric response analysis of
the underground cable system test specimens was carried out
by frequency domain spectroscopy (FDS), an off-line non-
destructive test. This technique is an advanced tool for
assessing the insulation's integrity in the frequency domain.
The change of the insulation's integrity, the dielectric response
is changed [6]. The FDS technique was measured at the
frequency range of 1 mHz to 1 kHz. The dielectric properties
used to interpret the underground cable insulation condition in
this research comprise the dielectric dissipation factor (or
tand) and the complex capacitance as a function with a
frequency range.
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II. RELATED THEORY

A. Frequency Domain Spectroscopy (FDS) Technique

Frequency domain spectroscopy (FDS) is an advanced
technique to assess the insulation condition by characterizing
the dielectric properties of the insulation, i.e., dielectric
dissipation factor (tand) and complex capacitance, at different
frequencies. The principle of the FDS technique is the
measurement of voltage across the test object U(w) and the
current that flows through the test object /(w). The phase
difference between the measured voltage and measured
current is taken into account. Moreover, the test object's
impedance Z(w) can be calculated from (1).

2(0) = Z'(0) + jZ"(@)= U(@) | (o) (1)

The relationship between the voltage and current can
determine the complex capacitance C(w) that can be rewritten
in (2). Furthermore, the complex capacitance correlates with
the complex permittivity &(@) as expressed in (3).

I(0) = joC(0)U () #3)

£ (@) =5/ (@)=l =2

[}
Where Cy is the test object's geomeltric capacitance.

®3)

Equation (3) determines the complex permittivity
consisting of the real and imaginary parts. The real part of the
complex permittivity &, represents the standard (or relative)
permittivity that relates to the capacitance of the test object,
and the imaginary part permittivity &, is correlated to the
dielectric (polarization) losses in the test object [7, 8]. The
dielectric dissipation factor (tandp), which represents the
losses in the insulation system, can be written in the function
of frequency as (4).

£,.(0) b C"(@)
& (w) C'(w)

tan 8 = (4)

From Fig. 1, The total current density that flows through
the insulation consists of displacement current density, which
is a combination of purely capacitive part, polarization part,
and conduction current density. So, the dielectric dissipation
factor, which comprises polarization loss and conduction loss
tandc, 1s expressed in (5) [8].

tané':tan5c+tan5pz + ’”’ 5)

’
Cz)é‘oz‘.‘r Ep

Where « is a conductivity value.

V.E
D=¢¢E
4
. Total current density
Conduction (loss) J+ jwD
Current density ce'E
J=KkE —— o &
Polarization (I_OSS) Displacement current density
current densrcy/ — -
wee'E Jjwee, E —je,eE

Fig. 1. Dielectric losses with polarization loss and conduction loss by means
of the phase difference between electric field (or voltage) and current
density in a complex plane phasor diagram [8].

III. EXPERIMENTAL SETUP

A. Test Specimens Preparation

The test specimens are the underground cable systems that
simulate the poor workmanship condition of the joint
installation process. Three test specimens were prepared. For
each test specimen, two three meters 22 kV underground
cables were used and connected with the simulated joint. Also,
the heat-shrinkable cable terminations are on both ends of all
test specimens. Two test specimens were prepared by making
the defects inside the cable joint. In the first case, the incision
made by a cutter blade was cut into the insulation for three
millimeters in depth, that shown in Fig. 2. Second case, The
XILPE surface was daubed with the twenty-micron iron
powder, that seen in Fig. 3. And, another case is the test
specimen with a healthy condition joint, as shown in Fig. 4, to
be the comparative reference values.

Fig. 2. Case of cable joint with an incision on the XLPE surface.

20-micron
Iron powder

Fig.3. Case of cable joint with iron powder on the XLPE surface.

P -

Fig. 4. Case ofa healthy condition cable joint.

B. EDS Measurement Techniques

Frequency domain spectroscopy (FDS) is an off-line non-
destructive test for analyzing dielectric response in the
frequency domain, This technique was carried out by
OMICRON DIRANA. The test circuit was set up by applying
AC test voltage at the cable terminal and measured at the
ground wire. Moreover, to reduce the influence of leakage
current on the cable termination surface [9], copper tape was
used as a guard electrode on both sides of the cable
termination. It was bypassed to the guard connection on the
test device. The schematic diagram of the test circuit is shown

in Fig. 5.
~~ Output Guard

v
A _CH1

o LcH?

IH&

Fig. 5. A schematical diagram of the FDS test circuit.

After the test circuit had been set up, the test voltage used
in all cases was the AC peak test voltage of 200 V. The tests
performed the FDS measurement in the frequency ranges of 1
mHz to 1 kHz. Before the test began, the ambient conditions,
1.e., ambient temperature and relative humidity, had been
collected.
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IV. TEST RESULTS AND INTERPRETATION

From FDS measurement, the test results analyzed the
msulation condition of the underground cable systems, which
are the test specimens in this research. The dielectric response
parameters obtained from FDS measurement consist of the
dielectric dissipation factor (or tand), and the complex
capacitance, both of the real part capacitance and the
imaginary part capacitance. Fig. 6 shows the comparative
curves of the dielectric dissipation factor from three cases.
This graph reveals the significantly different values of the
case of iron powder on the XLLPE surface at the frequency
range of 0.1 Hz to 100 Hz. It is possible that an iron powder
that was daubed between the XL.PE insulation and cable joint
increased the conductivity of the insulation system.
Consequently, the tand is increased. Moreover, the tand curve
of the test specimen, in which the joint has an iron powder on
the XLPE surface, shows the loss peak at the frequency of'1
Hz. This phenomenon may be the effect of the conductive
contaminant between the interface in the insulation system of
this test specimen. Another case is the incision on the XI.PE
surface in the cable joint. The curve does not show the
difference in the tand curve compared to the normal joint
case. That means the incision on the XLPE surface does not
influence the dielectric response measurement in the
frequency domain.

The complex capacitance obtained from the FDS
measurement consists of the real part capacitance and the
imaginary part capacitance. The complex capacitance
parameter is divided into two graphs. Fig. 7 and 8 show the
real part capacitance curves and the imagiary part
capacitance curves, respectively. Fig. 7 shows the real part
capacitance, which represents the capacitance of the test
object, of all three cases have a similar trend, and the
capacitance value at the power frequency of all three cases is
approximately 1.5 nF. So, the real part capacitance does not
show the difference between the underground cable systems
that cable joints have the defects, which are both of an iron
powder on the XLPE insulation and the incision on the XLPE
msulation, and another without defect. Another part of the
complex capacitance is the imaginary part capacitance, which
represents the losses in the insulation system. Fig. 8 reveals
the result of this parameter that the imaginary part
capacitance values from three cases are distinct. Furthermore,
this parameter has a similar trend to the dielectric dissipation
factor.

100
— Tandelta Normal case

------- Tandelta Incision on XLPE case
====Tandelta Iron powder case

Dielectric dissipation factor (tand) (%)

0.1
0.001 0.01 0.1 1 10 100 1000
Frequency (Hz)

Fig. 6. The comparative curves of tand from three cases.

1.0E-06

Real capacitance Normal case
"""" Real capacitance Incision on XLPE case

1.0E-07
-=--Real capacitance Iron powder case

1.0E-08

1.0E-09

1.0E-10

Real part capacitance (Farad)

1.0E-11
0.001 0.01 0.1 1 10 100 1000
Frequency (Hz)

Fig. 7. The comparative curves of real part capacitance from three cases.

1E-08

Imaginary capacitance Normal case
~~~~~~ Imaginary capacitance Incision on XLPE case

1E-09 ====Imaginary capacitance Iron powder case

1E-10 [0

1E-11

Imaginary part capacitance (Farad)

1E-12
0.001 0.01 0.1 1 10 100 1000
Frequency (Hz)

Fig. 8. The comparative curves of imaginary part capacitance from three
cases.

V. CONCLUSION

This research represents the FDS technique to assess the
insulation's integrity of the underground cable systems,
which simulated the defects in the cable joint. The FDS
technique was carried out by OMICRON DIRANA. The AC
test voltage used in this research is 200 Vp, and the measuring
frequency range is 1 mHz to 1 kHz. The parameters obtained
from this technique are the dielectric dissipation factor and
the complex capacitance. From the test results, the dielectric
dissipation factor parameter graph reveals the significantly
different values of the case of iron powder on the XLPE
surface at the frequency range of 0.1 Hz to 100 Hz. In
addition, it shows the loss peak at 1 Hz. It may interpret that
the presence of conductive contaminant increases the
conductivity of the insulation system, and the dielectric
response reveals this effect in this frequency range.
Nevertheless, the case of the incision on the XLPE surface
does not show a noticeable difference from the case of the
healthy condition joint. Another parameter is complex
capacitance, divided into the real part capacitance and the
imaginary part capacitance. From the real part capacitance of
three cases almost has a constant value in the log-log scale.
This parameter does not reveal the different results between
the underground cable systems with normal and abnormal
joints. On the contrary, the imaginary part capacitance shows
the distinct value of three cases, and the curve of this
parameter tends to be similar to the dielectric dissipation
factor parameter curve.
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