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ABSTRACT

This thesis presents a study on the dielectric response of pressboard impregnated with
two types of liquid insulators: mineral oil and natural ester. The research also
compares techniques for assessing the moisture content in pressboard using titration
by Coulometric Karl Fischer methods, which are direct testing methods, as well as
estimation from Frequency Domain Spectroscopy (FDS) testing. In this study, the
pressboards ‘are conditioned to have a similar moisture content before being
impregnated with each liquid insulation for 0, 8, 16, and 24 hours. Subsequently, the
impregnated pressboards are thermally aged at 150°C for 0, 30, and 90 days to study
the dielectric response and compare the moisture content in the pressboard. The test
results indicate that FDS testing can estimate the moisture content closely to the
titration method. Additionally, the study found that pressboard impregnated with
natural ester degrades more slowly than that of mineral oil. It can also be inferred that
the impregnation process continues even when the ester-impregnated pressboards are
subjected to high temperatures. The second part of the research involves developing
a health index for transformer condition assessment and evaluating the remaining life
of transformers. The method used for evaluating the health index of transformers,
originally developed by Kinectrics Inc. (2009) in Canada, is adapted to more clearly
reflect the transformer's condition if any abnormalities exist and achieved by using

criteria based on standards and recommendations from CIGRE. For evaluating the



remaining life of transformers, the degradation of cellulose insulation is assessed using
a model developed by SINTEF Energy Research. This model is believed to accurately
describe the decomposition of cellulose based on advanced knowledge of cellulose
insulation degradation mechanisms, utilizing moisture content from FDS test results as
part of the input data. Both assessment methods consistently indicate that the

transformers can continue to be operational for at least another 15 years.
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ﬁauﬂszﬂauﬁﬁﬁﬁaﬂawﬁaLLiJaq”LV\IﬂﬁQLLaqugUﬁ 2.1 Uszneudig wnuwman WJu
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AN5199 2.1 LanstavasdIuUsenauvasvslonUadlniusasaiu

NUELAY o (lne) Ho (Bangw)
1 eTaN! Tank Housing
2 ASUTZUIUAINTOU Corrugated Fin
3 %’wiaa']ml,iqqq High Voltage Terminal
4 ANNBLIIAS High Voltage Bushing
5 Fasoaneunsas Low Voltage Terminal
6 Qﬂfﬁ&JLLiﬂ(ﬁl’ﬂ Low Voltage Bushing
7 wnaisessuTsy Conservator Tank
8 wilUSuns s On-Load Tap Changer
9 ina¥nszsutsiy Oil Level Gauge
10 WAaUTEUIAINTOU Cooling Fans
11 WERATUANLNUUS UL S0 Tap-changer Control Panel
12 uAan Clamp
13 WALLAN Core
14 UAAINLIIN Low Voltage Winding
15 YNNINLIIE High Voltage Winding
16 UL ELPATAE Drain Valve
17 gmwﬁmmaq Transformer Base

2.1.2 vunfvesdrulsenavvaavidiawuasluii
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v @

Afansiawdas (Transformer Tank): Aadevsloudasdnd1ivianae viavy

druvsznaunelundawlasnanadn town YAVARI WLAULAAN hazauIuLTiuy
SAUNITULTINNG L"f]ué’hﬂmﬂumiﬁzmamm%’auﬁLﬁmmnﬁﬂé’qqmtﬁaﬁ
Andunslundonuas wazousenugunsainisusnudewlaswiinfig q wu
anNene AAUAN UNUUTUKSIAUY

a 12 . [ 1 = v v A 1 a
ASUIEUN8AINTOU (Corrugated Fin): Wudiuntlaunsdiss daurislunising
A Aa o o Y 9 ) = ')
NUNRIFUREVDIA DI BUAINUBINIANIEUBDA WD LY IUN1TIZUIEAIIUSOU
99vIaLkUad
TIRDE18LIIE-UII (High Voltage Terminal): iludadeusioanslnniugndie

niawdaseanluldvsesuitnunanilsluiiuseas



10.

11.

12.

13.

14.

15.

and8u39g9-u39i1 (High Voltage Bushing): vinmtilifuaurutuszningdn
haussfugatuidaesmsioudas

Fantoans usesi1 (Low Voltage Terminal): tfusuiousoaslnrugndemio
wasoanluldwdasudunanilslniusesi

QNiBUTIge-LIs (Low Voltage Bushing): vt duamudusswinsdada
Haussdustuiswomioulas

unariseautigiu (Conservator Tank): egiledemiioutas futifidrsonitsiy
Tufeanunsnanvserfinainmsveneivesisilundeudas eliislunde
wasdupaeanan Tnevluaziiu3uanns 10% vonisulundoudas
wnUUSULIIAU (On-Load Tap Changer): L‘ﬁuqﬂmﬂim‘ﬂumiﬂi’uLﬁw%‘aam
Snsdaunssduramsioilas tednwsziunseusuveanliasiiuuus nludf
Tnsaeflueweslumsvieu Seaviiomylunsoutasduviniy

(%

wnaiaszauddy (Oil Level Indicaton): Wudanansszaudidunigludidanie
wUasazdiNeuy With Contact wag With-Out Contact
WAAUIZUIEANTEU (Cooling Fans): MM91UIMAUAIUTZUIUANUSOU YITNTIT
Ml 1N1AUSIUATUTEUIEAINSDY Ny BuduniduRanIndu 9relian
N1338UIUANSDUMLIITY
WHIAIUANLNUUTULSSAU (Tap-changer Control Panel): L#n3s¥AUNI1EIU
L39uveIionUadTed On-Load unuUsulseiu wazvinnihimuaunsn-1Un
NNSVINIUDUTINALE
& & A Y aee & A 9 vl Ao U W !
wAandunwwdn (Core Clamp): fnthndawnuwmaninalylviiganduianiy dewa
iiAnmsayidenasukaznisiinensa wasditedesiuanudenenina
I3 & o Y A g %) v 1 & ~ Y a
whuwan (Core): wnwmanyiutmduidumslvaresdulsalaiunan wsliiin
nsuilerimausdiugn
YAAIALTINI (Low Voltage Winding): virmilnflnnszudlva lnaunainusidusi
(% a [y [ % o aa 1% & G a
azageuluBaduunuman vaaiadnleuldlundaulasiedidmsaniey
= v Ay va a a
\Heannldiuiladuseansningan
YAAINLIIE (High Voltage Winding): vimthlvinszualva lngunainusaduei

WOYMUUBNTUUARIALTIA



16. 118152018 (Drain Valve): WWundnlasuaisinsdunmisulatesnainudsnuad
=l [~ I3 a zﬁ' < Y} 1 9; LY
3N NTUaLeNUABE 19U UNAdDU

17. grunslowdas (Transformer Base): 5835Ussdamnslowtasviavun

2.1.3 szUUAUIUYRIdauUAq
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o w

syuvauIuvewianUasliiiraunsautseandu 2 vlia loun awiuwaInsausl

nionUad kazauiulde Inefiauiuisasstas vt iduauiusiuiu
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a a 6 a a 6 a a6 ¥ L2 [~4
QUIULVAIDUNT & WAy AUIULAIBTLUNT Y auIuald unIg Usynaunlea1s uauLty
9IAUIENIUNSN RUHUMAIBUNSI AN 1IN TngRAUSTINYIA 1iu Udfuus, Wiliuiiy, leawes
§I5UBF 189 YIONTLUIUNISELASIEY YU LoaNeTFAT1EH, talasAsusudAIIzy 8
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1. UndunsowUasnsouaus (Mineral oil)

(%
o

Tfuntanvasiividinlunisszuigeinsauvamianial waziduauludouianie
wlad Uszneumelalasiauuazansusuldundn wonlgssredames 00ndau sslanzui
yia Usznoululaseadniiugiu Ao wasafiiln (Paraffinic) wuwiifin (Naphthenic) wazels

WAN (Aromatic) duusznauvasdidunsuandlusui 2.2 dnvugauiAndeinisveudiiu

nianlas svfmuameanuautRmaidndiadl wazlui Geaueaudaang 9 wandly
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- gauundRalwviud (Auto-
Ignition Temperature)

- ANUFDUT AN (Specific
Heat)

- @an1mn1TANNSoU
(Thermal Conductivity)

- ANUMUILEU(Density)

- 9afnl¥l (Fire Point)

3

- 997Ul (Flash Point)

q

- 9aluaw (Pour Point)

q

v A

- AYUNITENLAUD A

(Reference Index)

AaNURNIENd AaNUANLALl Aovantan1 i
- duUsE@nSn15v1867 - LS9A9RN (Interfacial) - AUAINIURD
WH9991nANNSDY - MUy w5anulalsin

(Contaminants)

- lassasluana

- rAadunans

- AnaUa At
(Saponification Valve)

- ANANNULEDY SO
(Thermal Stability)

- ATy (Water Content)
- Usuaululasiaw (Nitrogen
Content)

— AUAINIURBDANTHAR

DONTLATY

(Breakdown Strength)
- AnUesiinin
(Permittivity)

- AAUAUNIUNIG
Tnlsin

- ANAINUASYIURD
USIRUBUNAE

a

- A idsgeyde
mdiénmsn (Dielectric
Dissipation Factor)

- fAYIFIVNEIY Loy

LSINUSUAUNITAEVISD

- ausiule (Vapor Pressure) | - 8n57@uU3815909 W57 UNEIU
- Aunila (Viscosity) AN wunntn wazelsunfn
4N 2\ & ’
H H H H % 5 !
R\ S 2R i HC 7N CH H H=C—H
-C-C=-Cc—-C— 2 ~ | | ' !
I 1 NN \c c/ HEQX CH —$—$=?—$—
H H H H H, N C ~ H, c” VA
H, Y
(n) Parafins (9) Naphthenes (m) Aromatics (1) Olefins

sUN 2.2 lassaiamaaiivasdiulsenauiiugiuvesdnduus [3]

2. LRAMBSFITUIR

%

LOALADIFITUV AT UANADNUTIVDIRUIUNINEDN Mzt uwnunusiuLsTusulan

fianwanunsalumsgesaansliosnusssund liduiivsedwindeu dyafnln gaaului

aanudiuns wieawessssuyatiyaseslusiuanumia nsiineen@intu yaluam Nug

n71151UKs 1As9as1anaAiivedeanessTsuIiuantaaJUil 2.3 lassasanianiivede

AMDIFITUIR [5]
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W W
CH, — OH H-O—C—FR CH,—O0—C—FR
| o A [ Q
CH—-OH + H—-—O0-C-—R" = CH—=—0—-C—R’” + 3H,0
| 9 ! @
CH, —OH H=—0—-—C-—R"” CH,—O0—C—R"”
Glycerol Fatty acids Natural ester

5UN 2.3 Inseasamaniiveaeanassssuwa [5]

A isITIMAaNTageraagldlewnusITuAgs 90% anglusseziian 28

Tu varnihuusdesaanglaliies 10% WalUSeuiieunssesialviniu waniagun 2.4

100- — — - - -~ B - - _l
90 = fr - s
— —
A 80 =f-------==- e o Lee s -
X 704 A " T o= / =
~ P Natural ester
g [ o ET——— L4 - tall ' AFSIRBALRIAYE T Wl | AR
= vap . = - = Synthetic ester
Y 2 I A= V. Mox !/ B \na W Y. . = N
o = = Mineral oil
o 40 S =T TR r e R Y Ve .
:8 30 / p T Y 'Y r \ 4.7 W ] ------- Silicone liquid
a3]
|
!
[ |

0 5 10 15 20 25 30
Times (Days)

JUN 2.4 WiguigudnMstesangn s TIuAveRIUVaIlanw 9 (6]

USUNUAMUTUALNTUAIHARD AL SIAULUTNAIUYBWD AN DS TITUVRANAY LilaTlAn

ANNIUGRUINEAUTEIN 350 ppm. lwuaigiduusaziiausaduiusnailanasilon

¥ =

ANNIUFRUINEAUTBIN 25 ppm WARgUN 2.5 vsiiTunsgluanavedeaines

ady = 0§ YA w v - o v yva a5 <, a
BIFUVINUUVY ﬁ]ﬂmqiﬂuﬁﬂﬂmgﬁﬁqﬂLL@JLM@ﬂ@\T@@INLﬁQ@‘S{J@QUWl@@ %mgmquULLiLUUINLaan

'
a

Lifi7y teamassssuvAtiandusiiveingdis 1100 ppm vausinguLsiynduiiveties

9

55 ppm Tigaumgil 23°C
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90 =
So_l__._._._._.\
g ol \.
% 60 "\ N Natural ester
. .
% 509 ‘\ N = + = Synthetic ester
> 3 .
% 40 \ \ = — — Mineral oil
.
.
1o R Silicone liquid
g 20-
23]
10
0 T T T T T T T T T 1
0 100 200 300 400 500 600 700 800 900 1000

Moisture content (ppm)

JUN 2.5 ANUANTUS SIS WuUTNAURAEANANLALYDRUIUMA YRR 9 [6]

U [7]
2 A a = = 9] = =
QUQULLSUQLl@Lﬂ@ﬁ')']llLaﬁlwqﬂ'ﬁnﬂﬂ’JqNLﬂiaﬂwqqauqﬂJIWﬂq AINUIDUY VIDATINULATYN
| a = P Y} A & a A &
NIWNA '{Iglﬂﬁqu’]iﬂﬂuaﬂqv\lﬂjquL‘Uuau’ﬂﬂﬂL‘Vill'&]‘Uﬂ‘UQu’Ju‘V]LUUT@QLV@QWi@Qu’JUWLUu
ﬁQﬁUQUQUﬁL%jusﬂa\iLL%Q&@QﬁﬂUWﬂJV]u@iaﬂflﬁmLﬂ%ﬂﬂau’]ﬁlﬂﬁqfﬂﬂ Wumlaﬂ'mlll,ﬂ%‘ﬂ@lwﬁlﬂﬂa NU
| o a = . I a o & ° v
NOAITUIDU LLazﬂJmﬂ’J’leiyLaai@aLaﬂmiﬂm Iﬂaau’JULL“Na’lmmmLL‘Nfﬂm 3 ‘UigLﬂV]W']ll

(Y]

TAs9A5 1AL

& A'd A e =
1. AUAULTIMLUUDUNS Y LU N3N, YN, LIYU 18

& A @ a 2 )aanl a v
2. UIULIINLTUDUUNTY 125U LYINUN, 1llﬂ'], LbAY 18%
3. aurundenidulndiues wu Polyvinyl Chloride (PVC), epoxy, Polyethylene

(PE) 182
2 A o [ 12 & [l <)
auruudaniunldnulundsiuatfanszaiwiuseandunsea1wu1d (Paper) wag
N3eA¥EALTIIY (Board) kanslugusun 2.6 lnenilunszawuisaziinnnunntesnit 0.8

1 (% (% IS

AALUAT AIUNTTAEDALIIAUILAAINNUININADY 0.8 UAALUAT %Qﬂi%@?%ﬁiﬁﬂﬂﬁﬂ"]u

)}

v v

Infuludonsza1wasIng (Kraft paper) nszanwfdanunuiaiesiuazdalulgunieiu

calle

NIEAYAUILILILAT (0.8 ¢/ cm?) wnedumsliluledidnasavasdunuuszyaudgs

a v o=

warauiwvesada AumwtuUIunag (1 ¢/cm?) Tdduladiana3avesduiuuseques

' (% '
aa v A

TnAnds nszawidanuvuuduaddludiiulssndvauieiundsusasiinuaudily

N3AAAUTUNA
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(n) ()

I3

JUT 2.6 23UAY () NIwAUSALTIRI (MIaUDTn) (1) NTEAYATING (8]

¥

nsldnszamwmiuauiudesiinsgavyuauiumas. Jaesiianlesiniinvensyany

YUALIUWMAITUBEAUABTINMIAY0INTEATBILaYANUDTINRIAYIRALILVMAT UAZAIAIY

o
Q‘ o

MwULYeINIEA A laTlnfIRausadwInlafanslunsei 2.3 wavanaudinig
InifivaenseawnTvivikag paper polypropylene paper (PPP) guauiutduuandlumisng
24

¥ 1
a a

M990 2.3 AUBSTRAIRYEINTEANYYUEIEUAWIUN 20 Bsrwaldud (.. [4]

AN WaslinAAUINIZAEYURUINGD (&)
aumaInldyu
0.8 g/cm’ 1 ¢/cm? 1.2 g¢/cm’
Trichlorobiphenyl g, = 6.1 6.28 6.3 6.4
Pentachlorobiphenyl 571 5.88 6.06
Transformer oil 3.26 3.72 4.3




M15197 2.4 Aasandimalninvesauuay (nseawiaziiv) [4]
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Average
Tan & at
Impregnating voltage Tan & at room
Type operating
liquid stress (kV temperature
temperature
cm™)
Kraft paper Mineral oil 180 3.8x10° at 23°C | 5.7x107 at 85°C
Kraft paper Silicone liquid 180 2.7x107 at 23°C |  3.1x107 at 85°C
Paper
Dodecyl
polypropylene- 180 9.8x10" at 18°C | 9.9x10™ at 100°C
benzene
paper (paper)
Kraft paper Polybutens 180 2.0x107 at 25°C | 2.0x107 at 25°C

NSLHDNANINVDIRUIUNTZAY

lalaslade (Hydrolysis) sunszuaunisniuafiissugisettunisaaianussdueg

FUNSAAISUBNTANTLENAIDNINUN LEBINUILAZNIAANTUDNTAN LAATUIINATZUIUNIS

douanmueswaglaauandunsguiunisiistulaesssuwf wieinaindineuensadn

Tunnely

a o L X [ aaa At o a o aaa (YY) 1 4
pangaYU (Oxidation) WWUNI8IMNNANYINDNFLAUNUNNIYINUNUSLAAITUDUY

v0ensalusTuludufmd@msuanIunszae ¥999nTuinnn1saaltsflvedlalasiaules

panben (H,0,) wazeasnifintalasiauiveseanten (ROOH) #308ndLaun1gusnsanly

ety

Lullslaga (Pyrolysis) tinannmsidenaniniiesainagladlasugamgiiaaiunie

I Wnglddediansasdunaznisidenaninagyilviiianisaaigiussivag laauisdiu

PNTuIsinLianIsuauteualys uiansuaulasenlen a1suseneunsu wavll vdNg

Wnaujfsenlelasladauazeondindulndnmetazuanslugun 2.7
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Thermal Degradation Breaks glycosidic
bonds and opens

o el ) e

H0 €O €Oy

Oldative Degradation

Moisture produced
Glycesidic bonds weakened

Hydralytic Degradation CHOH

ook Ko

Free glucose produced

UM 2.7 Tassaswigaglaauaznisidonaninvagaglaa [7]

2.2 wanausuadlndidnyiniulamuainud (FDS) [9]
nsianisnouauesadladidnninainlulamuenudidumedailduniseeusu
agarlumsAnumgAnssulnalneduvesssuvatiu lnslangesebuiloiinaindiunaui
Fudourasianauiu lumaded nalnlnanlsiedulussuvauiuagldiunisinuilasnisia
IUIANAINAYaINTTALT eI NMINTERUMBLTIRUNsELaady Tngvialy Tunsldnunie
uwaslifia n13¥a FDS aesiunissewing 0.1 mHz 8 1 kHz wadailvaeliaunsatad

‘:{"g Y a o = (3 = v a
AINUINVUNUAITUE ﬂﬂiL!’]bL‘Wﬂ’] LLﬁSﬂ’ﬁ%jiyLﬁEJLLVIULf\]um“U@fliZUUQU’JU Feanusalrusziiu

\

17 '
1 &

APNTuRdsLazAnIsit Wi assauInumellan a1 UTNas e delaiiaun

drrgreanalinilfonisiadnazaidunisnszaunsedulniiai ilesainnisandygyiu

SUNIUYMIAADUYN9918NIN I UNITIALAUAIIL LAY

nquvasnsiananavausdladidnuinlulawuanud

Frequency Domain Spectroscopy (FDS) sdumafiauuulivianaiieuszifiuanin
vosaun lunsmedufiunuduasaui ussiuliihnssuaaduasgninglufiauin anduls
Tanszuan1uauIuegausugLarIAsziaNuLana e LSS Ul U (w)

Y

warnsEud 1 (w) Melutieanudiinld anudiuniuveuuaansaesuglanal

Z(w)=Z'(0)+ j2"(®) =U () 1 (o) (2-1)
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Fsannsnioulmilviegluguvesmugdsdouls
1(®) = joC(0)U (w) (2-2)

ANUFNTUTTENINANURTGRULAEN TEY LT o UANN S AN TUALARIT]

= . Clw
g(w)=¢'(w)- je"(w) = Clo) (2-3)

CO
gt C, AeanuIniusvirdinvesauiululamumund@unsaldeulugves

Jadenisnszanedidnnsn (tan s) lawdu
\ g"(a)) e C”(a))
&'(w)  C'(w)

tano (2-4)

D (3d A v a o v = o
aun1s 2-4 uaaslitiudndiuiuiaswetsanmenginidudeunansiadnanlsiadu
YaaawI TuvugnesRusznaunandsnandlagdiudunnin lewinluanaresiunum

drdglunsinarlswdudulalnanivags FOS Wudsniivss@nannlunisysslivauiunile

= = ' &
LL‘LJa\‘iLuaﬂﬁl']ﬂﬂﬂ'l']ﬂl’lmaﬂ'lqﬂsﬁu

Jaden1snseany (tan o) [9]

wisnuiigyideluideauiuwaglaadudatuauulvliinszuaaduazgnuszidiuleg
Hadennsnarane FelsFudlouinmnnutuvesauiuiadu meluauiu wiuazgnaie
Toudumnudou Aifatenianseaiesmudihimdduidldfondntosazgudeluidesan
awu Wasnnfenuiszundesafiviiulossiin duussnouiluaniisnissosaasuas
msvuiouvesuiumsiananevaussladidnvialulawuauivesaurunsiouuadluit
avvioufanismevaussvatlaBidnninvesingiu nsya wazgUNIweauIY Udnsnanile
nInpUALeMuATiATAARIetY BYBwauTensaaia thifu warsunssfiaaufivng

rlan1snauaUBIIIALansluIUN 2.8



17

msavesa : 1,050 gumsspinu

) ' ¢
HINY IV MIVDU

0.30 HaLAsATMINITH

0.10
¢
NIAUBIA LAz HAN

tans

0.03 n3elemsTa

0.01

0.003 |~

! ! 1 | 1

0.0001 0.001 0.010 0.100 1.000 10.0 1000 f[Hz]

JUN 2.8 aruvanvangvestadenisgadevesatiunioudasiuiiieuiuniud

FegUvaanmaTigandt 10 Hz dawluajiidnsnaninanmeuiuiiiuvesudsluuasd
Svdvaliiufnannsmdonivesueain aneda @uldsgwanud 0.01-1 Hz fameman
wnmsthliiivenintu fuinainwandnannmsdenaniwilazaeluddugy wih way
mmﬁ'ﬁﬁmﬁﬂiuLaqaqﬂ%Lﬁmmm5ﬁ11WﬂwmaaﬁfﬂﬁuLLazﬁqmaﬁiamamauauaw?nmﬁ JUnse
vosaLIL (SnT1druvesydiud amsavain) Li‘]u@”aﬁmummqqqﬂiuﬁuﬁm% “Ivun” 7
soadiuldfimnsisiBsndmeshifusomsaveinguvitls “nun” ABsfidvBwasnnty

M v wa a & A ‘:4' = 1 a
LNTUU ﬂmﬁmUm%@ﬁLsﬁaQIaﬁﬁ]gﬂiqﬂ{]@ﬂﬂiﬂmﬂ'.]']llﬂﬂiglnm 1 mHz Y¥denaunIUsI U

AU NTTUIUNTHEAWAZNTHNIAUMTNLIAN AR
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M3 2.5 AuduTUSTasRz LY Tau mwaEAN 1IEYR s At nSUlIeR Kinectrics

Approximate

Health
Condition Description Expected
Index
Lifetime
Some aging or minor deterioration
More than 15
85-100 Very Good of a limited number of
years
components
Significant deterioration of some More than 10
70-85 Good
components years

Widespread significant
deterioration or serious
50-70 Fair Up to 10 years
deterioration of specific

components

30-50 Poor Widespread serious deterioration Less than 3 years

0-30 Very poor Extensive serious deterioration At End-of-Life
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A15199 2.8 Ws1TwasnIsAIMRlYluNsAusenalanvasalUad i auRasuneld

Tu IEC 60076-7

Cooling mode X y R H Or AbOor
ONAN 0.8 1.3 6 1.3 20 52
ONAF 0.8 1.5 6 1.3 20 52
OF... 1 1.3 6 1.3 17 56
OD... 1 2 6 1.3 22.3 49
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H - g

e———— Hot spot temperature

Top of winding Top oil
R e e g———
!
!
!
I
!
[
I
!
1
I
I
I
L, __ _'\_“_'igi_(]i _________ b Average winding temperature
Bottom of winding - _B_m_t o Liﬂ _______
Temperature
b2 v 1
a b o g o L =
amguLL‘mmﬂamiuumml,ammmmmmw

q

Y

JUN 2.14 WAL TR ULAAINIINTE YR IVR4E
a5 unglilu IEC 60076-7 UnuupuuAnfivg v luMe AUALLLIA AR SAUVLILLIAS

neluvaionuaslulin
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uni 3
N1599NWUUNITNAANIUTBIUHUANT N15AAINAYTLFUNINLALATT

Uszilivangvasndaudaslniln
TuunieSuredeniseounuunismaaes Meazdeaveanismaass YANAFBY WA
M IMAFDUVBIMIVIAdBUNanoUauadladIAnvIniieMIAnwnaneuaussladidnnInlu
msUszdiudiinueuiilumsaveafidumsniunanauiuman 2 oiln saulufnisdasmh
padgnn uaznsussiliuengvemdewUasiiiinvuin 122/175 MVA 115 KV — 15.75 KV
ImEJmﬁmaaﬂu%wmﬁwuéaﬁuﬁ%gﬂLLﬁaaam‘fJu 2 @ Lnsegeunanauausdladiany
SnlunsvsuifiutSunaeutunislunsauesanielufestfiAns uas 2.nsdavinded

guamuaznsUTzdivengvasiowdadiiiin

3.1 mnaassluiesufjufinis msfnwmanauauasladianninTunisusziiuuiunn
g ﬂIA =
AMNTUIUWTAUDIATIBILNINLUARINAUILLIAGD 2 TR
mMIneaeslAn¥ITNIsUsEiuANUINNSAVRSANgNI I FeNan A e iR

Foulusveziiauansneny Jnnswssuaunuienagaeulagninmseudsl

1. oaEmBs555uYA (Natural Ester, NE) wazainsduns (Mineral Oil, MQ) #ilinnunns
Tdnugminlvaulugevamyniail 100 ssrugaled Aauau 200 Saduns Uu

srevlian 24 TilusivemdnAuuaIuiveanil Asgun 3.1

2. nsaveianlaiiiunslionu Fallvun 120x120x1.6 Hadiuns gniildeulugey
qunA7 100 ssangaldea Auey 200 daduis iWuszeziian 48 47lug
dmiunisinaesileganadey laginsaveinvzgninadluninndsvesvingli

ANuTUaInsagndueeninld Asgun 3.2

3. 189970 NE, MO Waginsauasnduiiadnusssuyf Insauasnazgndunsniug
Ferinsfu NE uaz MO Tasimsavesaazgninaslunndifiszosvinswediaz vinlv
ﬁ/ﬂﬁmmiﬂthL%ﬁiﬂiﬂLWiﬁU@%ﬂﬁg\mmﬂﬁﬂE‘Uﬂl 3.3 91nvudia NE adluluand 1
wagidn MO asldluanadl 2 uasidiluevulumevagymai 60 ssriwaldos
ALY 200 Saduns Wusyezina 0, 8, 16 war 24 Falad s UNITIIa0q

megramageu tnuiedrmegeuasulanainnain! linuunaanseneds
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g om $

o

JUN 3.3 isavesangninsesuasiluBumeniun
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M13197 3.1 519NINIBETIQNIPTELEMTUNTNARDS

. N1BUINTEUBSAR8AIINTOU -
fag19NAGaU . LIADULNTNLUA
150 DIAUALTE

1 (MO) 0 Falasg

2 (MO) . 8 il
04u B

3 (MO) 16 973

4 (MO) 24§13

5 (MO) 0 #laa

6 (MO) 5 8 Falu
30 Ju .

7 (MO) 16 97l

8 (MO) 24§13

9 (MO) 0 #laa

10 (MO) - 8 dlus
90 u 4

11 (MO) 16 93lu4

12 (MO) 24 4319

13 (NE) 0 Falus

14 (NE) 7 8 #lus
09U -

15 (NE) 16 kg

16 (NE) 24 4l

17 (NE) 0 4las

18 (NE) v 8 lus
30 fu .

19 (NE) 16 979

20 (NE) 24 4139

21 (NE) 0 #laa

22 (NE) . 8 flus
90 fu .

23 (NE) 16 kg

24 (NE) 24 1l

VENIINATIAUNTZUIUNTATENTUIUVAAOU TuuTignBunsniunuazgnyinli
deuan malgAIuseausiy MO aggninlunageumesdaUsznauanuBuluduunaaey
pemalla Coulometric Karl Fisher uagnisnadevailalasalatlulawuaiiug (Frequency

Domain Spectroscopy, FDS) Ll atU3sutiisuuIunaanuduiiinlaainasaunaiail uas



33

) | s da o § v o 1 =
MegveNsAURIABUMINUALaTgnYIAERNANNAIY NE denaasuaUalasalaUly
TauAud (Frequency Domain Spectroscopy, FDS) Lite@nwngAnssuvasnisidauanin

AUAIILS DUNTLYLLIANNITOUNT NLUALAZLIAT M UNSLEDUANINTAANAINU

3.1.2 miwﬂaauax‘iﬁﬂiznaumwaﬁu
& s A g a A a &
ﬂ'ﬁV]ﬂﬁ@‘UVﬂﬂ'ﬂﬂJ?ﬂﬂuL‘Wiﬂ‘U@iﬂuLTJUﬂ'ﬁV]ﬂﬁ'E]"UV]'NLﬂNLW@‘U\‘l‘U@ﬂ‘UiﬂJWﬂJﬂQWN‘UU
o | s 1% aa ' a . .
W@%ﬂWEJIULW5ﬁU@5ﬂ V]ﬂa@Uﬂ'JEJ'Jﬁﬂ']il‘VlW]iﬂN']ULV]ﬂ‘Nﬂ Coulometric Karl Fisher ‘q@

NAAOUBIAUTENBUAUYULAAIAIFUT 3.4

ﬂﬁﬁ 'Jll'i;

oy Ll
1: Balance 4: Drying unit
2: Titrator 5: Air pump
3: Oven and controller 6: AC source with UPS

(n) aunIRin1InaaeUBIAUsENaUANBUWATA Coulometric Karl Fisher

: generator Sample tube
Measuring —1/ \!/ ;
electrode Oven v

I

Karl Fisher
Titrator

lodine

Flow rate

controller

Solvent

I~ Magnetic

stirrer Drying Unit

controller

Oven

| | AC Source with
UPS

(@) lnazunsuvesgunsainadeuasnysenauAIuI

JUN 3.4 YanadoUBIAUTENOUANUTY
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a v

FuneuNInaaUsIrUsENaUANT U
- dngunsnimadeuasAusEnouATIE AU 3.4
C wlsuaundonYeLA3maaeU
- dngununaseuliiuiudn saufuldiimen 12 ndu figudl 3.5
- lddununadeunlvluniemeasuiiemasiUsynouninuiy

- VIPEIUAUIENBUANUTU 3 ASIADNTIAIDE1Y WALAIWINUIALRAY

ANYVUIU

JUT 3.5 msauesafiitluntavedsulasnsauesadg ninuduan

3.1.3 msvadavasAUsznauanududeaiUalnsaladlulnmuaaud

awalnsalatlulannuaruiasgnindanu3uil 3.6 drulssnouvdnusznoudae
wadnaaeU (Test Cell), 1n30334A51%9F Omicron Dirana FDS wazuausioU \gaaNAdUQN
MasEzeIaneutu Iy WwadnaaeuazUIEnaUsig SIANVSALUUIUTEUIUT LA
Mnawuaaiil 3 99 TaedEnTnsaduarainisdeusoramnudlesiu (Guard) uaydiEninga
517 (Measurement) defu uazansussfulniingnareluiididninsasuuu NE uay
MO ﬁwwumiﬁﬁmmm?}luaaﬂLLaslfiLLﬁ"aaaﬂgnLamvﬁ’ﬂﬂﬁmﬂisﬂ"amuﬁLﬁﬂiwimﬁwu L3049
31A512% Omicron Dirana FDS viin1sdeusssuluiin AC filuonndgn 200 V wagdniuns
Anwdt FDS Turaannad 1 mHz fs 5 kHz manaaeugnvinlugaumniivies

vdsnnsveasuidulda FOS Aldnusaznsdlazgninlumiduldsimnzaiio
mAauduilndiAsaRuTUsLAsY OMICRON Primary Test Manager (PTM) Tngdaagng
MUl zananTUSLATUERS

sUT 3.7 FamdsannTuswnsuiinisuduldsimunzanudlazaiunsaliainis

Y

U5EUNUBIAUTENBUANUTUVDINTAUDIA LS
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e !
E
== UF

Measurement line

(n) aUnsainsnaaevaalasalatlulawuaiud

Laptop

Voltage line

]
]

Omicron Dirana
FDS Analyzer

e

UGuard

Measurement line

(@) lnezunsuvasgunsninaaeuaalasalatlulawuaiud

5Ui 3.6 yaveaeuaUalasaletlulauiuainug

23AUsZNOUANTUNLA

MNNTAUI

v Y oy o
wuldsilaannnsia

Saart moishare aralyss:

akies we st gutmaticaly, but resd 10 be
eviesend by the user,

Uit 3.7 shogransmiduldafiuunzauainlusunsy OMICRON Primary Test Manager

CaN
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3.2 Msdnvaviigunmuaznisussiuanguasnsioudaslui

3.2.1 nMsIavindytgunw

Tudvesnsimindviavnm Balflunsusadudvigunmvemiiontasd i
siauulng Kinectrics Inc. (2009) Tuaunan Fadazldfoyanisveutisuazdeyansidede
Hudunn wadlidanesfiunsussifiuwuuimuaieaiiormuaazuuuliiussuugosig
vowmdfoutas dnunisuszduil uuudaes Kinectrics isumsuiluilosanazuuuduns
unaeudl Kinectrics waulfastuagfuginduazssdunrudomgrosimnsfisiiuns

asrvdoudvilinsussidiumandlideusilesiuneiuanmessgunsaliazeralididuly

d‘ o % 1 o a v ‘&J o o U d’l
muaesgIuAimualisgtman Tnelunuideillamaldsunisanuuaadl:

- msUssduilasunisiaunlinensusulasuisnissuasiuudunanunaeian
A v o v awv a DY
WINsFIUANeITevIevatauauwuraIn CIGRE wasawidedu 9 Wnelngideeiunig

nnuaAziuY (0, 1, 2, 3, 4) 1MSUNANITNAFDUAILY)

[

a J v U a =) U 1 o L4 a 4
7 ﬂ’]iUiSLNUUIGUﬂWi’JW‘WLﬂ@%i@%u@'ﬂ W FDS dnsunisuseiliuauiuniglunile

wUad LalNITUSLE LT AN WAZHSIVABUAINUFDARABIUDINAN1TUS S LU

¥

1 a a ¢ o | & = ° v Y]
1 u@ﬂf\ﬂﬂuf\]gllﬂ']i'lLﬂiqgﬂ@mﬁqaauLLﬂﬁ‘UQ"U%V]’Wiqu\Lﬂu{]"ﬂ"ﬂEﬂUﬂrﬁaﬂﬂgLLuu HI ELu

[
I A=

AsaINUTDIANURRUNANATUAeTurlakUas WA AN

ANMINISNNSTtAUeAzdINallaAzLUL HI Nazauaninvsavilowladlnilnlawiuegn

Bavu  lesanunaeinisiinssuuisnailulusnugnsgiusazanuideiineites  dday
danaliniin1suseliuniuseanSuanuunsauniinisuseluuninlasuain Kinectrics

U ad U o v a t:ll % o v vV

U sTunsdnvidsauninuaneugun 3.8 lunisiaviduligunimvesvie

was nMsuszlivewiunglunioutasnzgnuuseanitu 3 daulsun

- auunanmeluniowlasnieni1snaaaun1a i G sUsenaunig NNSNAEaUNIG
TWH19171U, n1snaaau FDS, karn15Useiiud ULy ausLuasad omenisdneld
luianaveanediuas (Degree of Polymerization, DP) ATNSIUUBINTITATUIULAR

Tugun 3.9
- mTlengilsinauianazangegluindunieuuas (Dissolved Gas Analysis, DGA)

- msUszdlanunmyeshiundenUannivenmageuniaaiuas gl
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HaansnaalianuwiazduIzgniTenIIAziuLEanT1IE (Sc) Aggniunliiinin

(K) prsuuksaznvignanmsuIntnuaIszgnilUAuInmuaunisn 3-1 wiesldeanun

Jupzwuudviiguamvesauiunigluniowlas

Active Part

condition

DGA score

3

=1 i
i=3

D 4K,
i=1

K.Sc

x100 = Health Index

K. PIUNNIT AT LULY9EI LU N UL

d‘ 1 :.’l VY a
AvLUURdINUsENaULUlAS UL nnsUSELE U

K;
I __________ " B2 NN~ = ]
( Estimated DP Value > 800 | 7 : |
|
| |
0 |
Insulation Resistance & PlJ—{ﬂ> : |
|
' Insulation Power Factor -l—:u—m> : |
Active |
! Ratio and Polarity ‘—lﬂ> part (1,2,3,4) IL |
I condition . y ’_IH
N .0) I Main tank
Exciting Current score |
| | | score
‘ Winding Resistance Hﬂ> : | i=
|
]r Impedance f—‘—»‘w I I Kisci
i=1
Ium ! I I i=4
’ Core to ground ‘—‘—> | | S 4K
D ..\, g | | | ;
\ o ¢ ' =
’ Concentrations }—|—> | |
|
wy| PRI H0,1,234) |
{ Trend Factor H—> Score > ? ™
|
|
F Gas ratios }%’ : |
L 5 ———
|
——————————— |
Oil Quality I

[ —————— .y

score

Liquid Insulation

(3-1)

HI=??%

5UN 3.8 unud IS MAzIIURYgunn
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S=(0,1,2,3,4) $=(0,1,2,3,4)

Estimated DP Value ————l Table Score l—» « -

[T=— -~ =~~=======—= Final score for Active Part

I
TRsulation Resistance & I S=(1,0)
Pl Test |
Tnsulation Power Factor I $=(1,0)
Test |
, , ! s=(1,0)
| Ratio and Polarity Test l—'—» S=(1,0)

I
I
S=(1,0
| Exciting Current Test l—i#v (A%d)
| Winding Resistance I S=(1,0)
Test |
' 5=(1,0)
| Impedance Test |—:—>
I

I S=(1,0)
| Core to ground test |—'—>
I

Identify abnormalities if values
exceed the specified standards.

Trigger

JUN 3.9 wiudIsAMAziuuansvenLIunwlunlowUas

naFinsUszudIuILNBUaasIRRYRnlsdeldluanavaInafiues
szau DP gnithdunisniwesnanvenisussifivawiunieluvdowaiwaznans
nagauniniafiusdipuanundvesvaainazgnldidumsfiwesvisnines (0,1) wnasia

puANURAUNAIINEENITNAdaUNIS N AziuuIdutiazanAReaAus Lazyinlinnui

Y Y Y

'
=

& ¢ = a o 9 1Y) S o = ° Y v 1Y) I
ﬂ%LLuu‘V]LU‘U@JUEJV]&I']EJﬂ\‘1'3ﬂ?ﬂi@aﬂLmqlﬂLLﬂﬁmﬁquumumLW'EJV]”IIVT‘W?JE]LLUaﬂﬂaUQJ"IaéJjLu

anzunAnaununlgaIume

A1 DP a@unsomlalaenisussanaanainaunisi 3-2 [19] lesldnan1sinusuno

ansusEnoulitu (2-FAL) Tuthiiu uasnasliazuunyos OP Adwnailduandlunssd 3.2
Log(2-FAL)=1.51-0.0035DP (3-2)

AN5199 3.2 ANUFLNUSUDIPLLUUADTLAU DP

AZUUU A1 DP figuaule
q >700
3 >500
2 >400
1 >300
0 <300
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inagin1snagaum sl [20]

- n15as2adRAIANATUNIUA1MduaulY (Insulation Resistance, IR) siviilnanlsiw
Fu (P) azgnirulfifunagt 1ae Pl Avualaednndruvesnnudumui 10 wiiise
AuEUUR 1 undl Snsiaruiifilendennutuuar viemsuuilousnge Pl as
11NNT1 1.25 HATAUATUNILYBIRUIUTUAIAISHINNT CE/sqrt (kVA) uu1nsgu
IEEE Std C57.152-2013 wazinain1sliazuuuazuansluund 4 uan @msunist

Azwuy Yaduaziuuaziiu 1 mnadulununesgiunazidu 0 manulgmlag

- msdaArAugideni1sandu (nsulation Power Factor, PF) 4842U3UnanIening
YAAIABASVARIADIN UAINITAUIUBND AT UwaL/%3 on15Uu U auluszuuauiu
SEUINNUVARINDIVAFINNIBURAINDINY TaeNall ATRLANINNIT 0.5% Da31aulu

= — | = | o Y 1) o Y
VEDUANIW LATAITININNIT 1% DOIWE @1USUNITIALLUY UaTuAzhuuagvnny 1

minAndulunuaunesgiuezidu 0 minwudgmilag

- Asinensnduvasntiandas (Ratio and Polarity) 8msidauseuidunisinnig
Wasuwlasussaulniarnveaianislididnanainnis snsrdaualsuansiglaiiu
0.5% an# Aruaalaarnuamwan Jemisnsiaiududiustnisdnisasniotsasda
o [y ¥ (% W /el o i a [~
dmsunsiirzuuu Jadeasuunagianu 1 winyaulaniuund wazidu 0 vinwu

Ugyla

- nsdanIzuansERy (Excting Current) n3zianszd mdumMsinAMENEATLAUNEIT A
§9919lA U NS NaINN138 92935 tasundianiguenazdeanlnaiAesiui 5%
nszualmihlumanavaunsnanaslagaanis 30% (GUuuugs - a1 - g9) dmfunisi

Azuuy Yadumgiuuazingu 1 snvhoulaauungd wazilu 0 wnnulgmilag

- A15IAAINATUNIUVBIVARA (Winding Resistance) AIIUATUNIUIDIVAAIN NI
wlasazgniniienTivaeuauinunfdewinyaiieudeildanysal duun vie

s =

Anumumusensdudagsluduisuuny lnemiluradnsazgnininulagdwinnis
Wiguwigun1sianviuendulusdazinavesvnainfiousanuanis v3e5enineg
dmiuiasiaaii o1vinsiSeuiiguiuteyaiiuiinlulssuaie anud1uniy
1 1 v} 1 [y} o v a [~
seninanaasegniely 2% Uadeazuuuazvinty 1 mninulanudnd wazidu 0

mnwutgnilag
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- anudumululsasindnnszuaaaunieduniuaud (mpedance, 7) figoaislunns

NAABUANUAUNUILI NN NS T RaRdU:

- AEAUmIUER g3 ANAIUNIUN Taldvdesey n1elu 3% (% diu
Jeauugean = [(Z g9an - Z M1an) x 100] / Z A1an) venaansilasunou

PN Ukar /M5 Seuiigunuadu [3]

- AMUAIUNNUANLNE: ENNTUNLBWUAIEUNE NanNISNAABUNWIgUWINANY
wanlsegnnelu 3% (% drudeauy = (Z Aiald / Z :nwusinan) x 100)

VYDIANDINLULLNAR
Yadupzuuuazyindu 1 winvihauldauund wagdu 0 wnnudynila

- Core to ground (JUTAAINAIUNIUIBIRUIUT AULNULIE LA BUTUNTIIA AN
A IUNTUYDIAUIUAITUINATT 500 tunzleiy (Mohm) d1nsundanladlny A1y

AIUNIUYBIRUIUAITUINNTY 100 Mohm dwsundiaudamldeiued

nManssiviiauRafiasansagluintunioutas (Dissolved Gas Analysis, DGA)
N13ATNAAZKLY DGA 38NAI5UIAINTEAUAINTNTY (Concentrations) §051N13
Wiamesufia (Trend) wazdnsidruvosifia (Gas Ratio) wanskilugudl 3.10 msliazuuuszdv
mnutiduvesuAa (DGAF) Faduinaminuduturesifamuuuudiassd Kinectrics ol
Tnesladdfuuusransilunsusadudormusdudaunmusmioudasazgaldlunis
Useidindl inasinnslviazuuunansilumssd 3.3 ufiaudasdiigalipziuumudiduan
uduudrrggninlugasnedmtn W) Swandliluased 3.3 wuiu Guaeutidunsly
anudAyfuuiadivsenisnnusunse ‘mmjmmLsﬂ’uﬁuqaﬂfmﬂ’ﬂﬁ’aqmﬁ%qmm)

MNUUALLUY DGAF ngﬂﬁ’ﬁﬂﬂM’]@JﬁMﬂ’ﬁﬁ 3-3

- S.=(6...1) DGAF' DGAF’-S; to scoring table
Concentrations > > >
S=(1...0) %
Trend — > X
. S,=(1,0
Gas ratios (1.9 >

5UT 3.10 wuslaISAUInAZIULAN1IEYDS DGA
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M13190 3.3 inarin1siaziuukazviinda T uTER UM TUYB LA

Score (S) Weighting
Gas
6 5 q 3 2 1 W)
H, <100 | 100-200 | 200-300 | 300-500 500-700 >700 2
CcoO <350 | 350-700 | 700-900 | 900-1100 | 1100-1400 | =1400 1
Cco, <2500 | <3000 <4000 <5000 <7000 >7000 1

CHg <75 75-125 | 125-200 | 200-400 400-600 >600

CoHq <50 50-80 80-100 100-150 150-200 >200

CoHg <65 65-80 80-100 | 100-120 120-150 >150

U | O W | W

CH, | <3 3.7 7-35 35-50 50-80 >80

7

zsi 'Wi

DGAF =L —— (3-3)

S

WU NI B8RIIN TN UTUVDILAAAIUINMINLIATFIN IEC 60599-2015 [21] A7

'
(%

v s 2 o & i = & ~ o Y av v
NaaWﬁﬂ%LUu@ﬁﬂm@]ﬂLL@ 0 09 1 WUALLUUNIZNINUINY UﬁﬂﬂgLLuumiﬂﬂ"]ﬂiﬁﬂ‘Uﬂqu

1Y

\UTY Lﬁaqmmzé’fwLLﬁaﬁLﬁuﬁuLﬁumm%mmgm%ﬁq adrIRAUNATITE sy
ojusiszduufaasdusmasiafinm nadundasnsduduresifassiusgfuteyans
duturesfadafiuduynlnasgnanfuefifudidiousuaanududuialy (Typical
Value) [8] 8n3 N5\ Lt L famumamuaum s 3-4 Aanuan (TF) mwmanduaiade
T NUeIR UL AR AL IeMSANNELNIST 3.5 nadndardusauseaing 0 §e 1 &
ihlupuiuasiun DGAF WuRileUsumuiTiunafisturesufafuanduaunisi 3.6

nasinsTdasiuudsusas s Ratansiluanssi 3.4 nslddimin (w)
vesnutauazainarldanfotuiumstminuesssiussfumnundudy fauandunsed

3.3 nauainisiinguuuiazinnindnadviussauanuituYeuia

R=(ST_SOJX[ 365 jxlOO (3-4)

v )T -T,
7

TFE =4zt (3-5)
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DGAF '=DGAF -TF (3-6)
e
R Samnsiuturesuia (ulasans/ans/A)
St Fregafians (ilasans/ans)
So fogusn (lulasdns/ans)
T naeiegaTides (u)
To NANUDIRIDENNLIN (F11)
TV syfumnuitilaevhlvesufausdasiindiszylu IEC 60599
msedt 3.4 nasinsiirsuuud USRI ML weAE
§ Sasnsiatu Sasnsifiatu Sasnsfindu
7/, Tu 19U [%syear] | Tu3U[%/year] | lu 59 [%/year]
il <30
3 <60
2 <90 >30
1 <120 >60 >30
0 >120 >90 >60

gnsdmudaltlunsiiesgianuduiusssninuig  wazanunsassytymninaiu

[
=

1%

meluydeuvadlniiale lagund mnn1sies1endnsrduuiauadiernulaunadugumns

o & v o a o oA o = a @ ] 6 J <
"\]’]L‘U‘UGIENW]L‘UUﬂ'ﬁLLfgﬂﬂJﬂUﬂL‘IN’e]ﬁj?J\‘iﬂ‘IJﬂ']WSJLﬁEJMWEJV]T\]SGI’]MM’] @Gﬁ’]ﬁ’JULLﬂﬁQﬂﬂWWUWLUU

snanlu 0 150 1 Fedwalvinzuuudyiaunimasasduguaviuiivinnisiiesziudteeny

AaUnd  antusipuilazgnamiu

Ly

Fndudosufjifa

o

[y

U Gy

DGAF’

Falanadsludlrunountn

1 <@
agnalsAnny

WA UNUNVINIRTFINABUANTUNM TSR IneuInsgIun

gﬂmum’iwﬁda IEEE C57-104-2019 (Roger, Donenberg) way IEC 60599:2015 (Duval)

SUN 3.10 wandliiun13AIuIuAzIUY DGAF’ A1ANTNINTEAUAMNLTNTY §7IINT

Y

Lﬂm%usuamﬁ”a%uﬁuﬁa@mam (TF) uazMIAMANIINANTIATIZVERTI@IULTE (Gas Ratio)
PnTuInUSeuTiguaziuul (DGAF’ NignAnmenzuuy Gas ratio ka) fudeyalun1sne

3.5 ialilanvuuuannvanying
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AN5199 3.5 NS MIALLUUANIEYBINTIATIZILAE LI

AZLUUANTIZ aauy Lneuat
a4 Good DGAF’>5.8
3 Acceptable 5.82DGAF’>5.5
2 Need Caution 5.5>DGAF’>5
1 Poor 5>DGAF’>4
0 Very poor DGAF’< 4

n1sUsslinun naslnsiuniawlasaniiivanisnagaunualinasnielni
AZLULANTIBYRIANN MUY tiunnmsUselunaauRgnslvinskuunau R
paqveatiu (S) uazimamimiln (W) wandlun1snedl 3.6 F99198983nUmsg1u EEE [22]
WesnunsgiunisuageudnIvglannnsgiy ASTM Fufuatedlaenseiuunnsgiu IEEE
MnUuAzLuLAMENTR (OQF) ArgnFuInunINaumsh 3.7 antuaswuunuaudfazgniily
= = = = T o
Wisuliteulunngneil 3.7 iemasiunansve iy

isi W,

OQF = (3-7)

Y

M990 3.6 LNuTINISLYRBLLUaRT NS UNIS EnasAMn NNy

p L U<69 | 69 kV<U<230 | 230 kV = | Score Weight
WINULADINIINATDIUUINUY
kv kV U (S) wy)
>45 >52 >60 4
Dielectric Strength [kV] (2mm 35-45 47-52 50-60 3
3
gap) 30-35 35-47 40-50 2
<30 <35 <40 1
>25 >30 >32 4
20-25 23-30 25-32 3
Interfacial tension [dyne/cm] 2
15-20 28-23 20-25 2
<15 <18 <20 1
<0.05 <0.04 <0.03 4
0.05-0.1 0.04-0.1 0.03-0.07 3
Acid number [mg KOH/g oil] 1
0.1-0.2 0.1-0.15 0.07-0.1 2
>0.2 >0.15 >0.1 1
Water content [ppm] <30 <20 <15 4 q




aq

- . ¥ o U<69 69 kV<U<230 230 kV = Score Weight
NIFIURBDINTNATDUUINUY
kv kv u (S) w)
30-35 20-25 15-20 3
35-40 25-30 20-25 2
>40 >30 >30 1
<0.1 q
0.1-0.5 3
Dissipation factor [%] (at 25°C) 3
0.5-1.0 2
>1.0 1
>90 q
>70 3
Passivator content [mg/kg] 1
>50 2
<50 1
Non-corrosive q
Corrosivity 4
Corrosive 1
A5 3.7 LNIINNS AL LUWEN 1LY RIRUIUIR?
AZLUUEN1IZVRIUIY G \naual
4 Good OQF>3.6
3 Acceptable 3.620QF>3.2
2 Need Caution 3.2>0QF>2.8
il Poor 2.8>0QF>2.4
0 Very poor OQF< 2.4
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3.2.2 nsusilivengvasmdoutasiniln
nsUsnduasinauaifioszinaegmsldnuiiviosgvomiioutaslidia ns

Uszilumsidenanmvesauauudedidunislaglduuudiaesdiiamnlag SINTEF Energy

Research 'IﬂEJL%a'jﬂu:umi"]aaﬁa%msﬂ'ﬁﬂasammmLsaaqiaaiué’ﬂwmzﬁﬁau%ﬁqLL;Jua"'l

Ingldmnituganeiunalnnisdesaanevesauiunis

° L9 vy wa a & oy = v N )
LLUUQW@@QUi%%@%ﬁ@WNﬂ?%?@IV@@LL@ZQN‘VTﬂﬂJWa@@WQUGﬂﬁﬂqﬁLa@ﬂsﬂayjaﬂ%QLﬂu

Y

InanseTasiian WoTuvesateyagridonuds antugumgfisenavon (Hot-Spot) 118
Hlusmosdiuargninundeyasnmgivanasedilusnuanasg i IEC 60076-7 [18]
M umsinaeldvesdulewagiadlunssans () ARntuiigungfisonatonvaud
azdnluszgnAuamNannsi 3-8 Tnerpsifidnuuadluaunisazgnimuamuni
P51t 3.8 UBnaertulunszaslanannsussnaselinng XY 91nnisiadag FDS
wazUsuaoedaunelutiuntoulasd sldunainnisvin DGA [16] 91niuen DP v
nszauludrlasdnluazgaaameuanntsi 3-9 nisdmuafinanundisiudaggndiuan
Huguauasu 8,760 $3las (1Y) 91ntiu A1 DP Tudlaedl 1 Gud) wagdalusdl 8760 (ed)
wvgniuuviluaunsit 3-10 eduamdunudeyaresshnmaderaninludiy an
funudayavessammadonan muosduduadanaiazgninaduine 0P luddngly
UAN DP A1 300 Ui svesmsAauanslunsussiliumenysesvsoudasiniuans

1ug‘d‘17'i 3.11

—Eoui ~Erya
n:DPnew'LAbxie il + AHyde >} }t (3_8)

DP
=—Tw_] (3-9)
DP

t

i—izk-t (3-10)
DP.  DP,

n ai’wmumé‘lasumﬂmwﬂmsﬂeziﬁLﬁﬂfﬁuﬁm%’u‘ﬂmLaqalfzﬁaqiaaiuammvﬁq

DPrew A1 DP L'%'méfmammu?iﬂmsﬁalﬂazaejﬁﬂssmwm 1,000

k Sns1n1sdouanin [1/h]

ﬁhmﬁﬁuaﬁuamwLL'mé’aummﬁ [time™]

WAWUNTEAUVBIUZNTEN [k)/mol]

Apsivesluianauia 8.314 [J/mol/K]

= v m >

904101l Hot-Spot

9 Y
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1%
= 1

a6

M19199 3.8 NanuUNIEAUYeIUNIeN (E) uazAinsiduey fivaninwindeumanil (A) dwsu

Y

mImnumMstavaatsanUiseesndwnduraslslasladanszany Thermal Upgrade [16]

L4 ANLTL<0.5%, ALY | Auduy ALTL<0.5%,
T Binasenwud | 052.0% | 22% YTunaeandiaugs
E 86 86 86 89 *
A 1.6:10° 3010 | 6110 3210 *
NUENR) Uinaeendawsndeiiiiiesndn 7000 ppm

a PR S ¢
- MNDAYLAUNAINN AOXi Ly EOXi ﬂﬂllﬁ'lliju@uﬂ



Hot-spot Temperature Profile in entire year |

DP profile in entire year

DP=061, At 1sthour of 2022

DP=840, At the end of year

g WHT“W”WWW"M”""MW%N.N.,WW‘

% 80

Lo PPy AN

E 4 ‘1J a

B

B

0 000 000 3000 4'3?[:‘)”;[' 8000
INPUT_ _ _ _ _ ___|_____ .
' |
' |
|
| Hourly Hot-pot temperature :
* that caculated from a > n 77 L
representative year measured |
: for the winding. [ Average By i
| : number of hour was
.- - - = = hai Iculated
| chain Calculate
| Estimated Moisture in paper - i
| (from FDS result) ! SaisIGnS"a0I
: | O Level I ey
xygen Leve

: | (from DGA result) |
— ]
| Transformer Condition |
L ________.

200 3000 4000 000 000 000

DP at the end of
year

Estimate yearly aging rate

——»

Yearly aging rate

i

Estimate DP for next
year. Until find DP
below 300

DP's extrapolated Curve

!

1000

DP

——— DP at beginning of year

+sssesese End-of-ife criterion

2005 2015 2025 2035

3UN 3.11 lnegunsuninsiuvesnsussiivengvemiiaudasin

2045

2055
Year

2085 2075 2085 2005

ar
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v

3.3 sazideavamdisndadluiinililunsussiuuasdeyananisnagey
Tunuideideyananisnaaeuandeutaslifinouin 122/175 MVA 115 KV -
15.75 KV ﬁ]zgjﬂﬁﬁ‘h’]Lﬁéﬂi&ﬁiéﬂﬁﬁ%ﬁﬁ‘ﬂﬂﬂwLLaSﬂﬁ‘UizLﬁH@WQ%BQ%ﬁ@LLUMlWW’]
eaziBavesvemauvasliiuanslilumsed 3.9 asunanimaaeundlniirluiade
Gf’]ﬂ“]LLﬂﬂxﬂ’ﬂUGl’]i'Nﬁ 3.10 Wan1Inageayu Frequency Domain Spectroscopy LLamﬂugﬂﬁ
3.12 WarAN3eAl 3.12 manmsvaaey DGA Tutianan 1 Vaganandlumsied 3.13 ms
Anreisndmuuianandlunsed 3.13 uasnansmagounuautRvesdiuluidosig
wandlumsneil 3.15 nsvesnansednluslulfinidenunlflunsussiduoguemiioutas

Inifuwanaluguin 3.13 uaznsvlvesgamiivnaimiutifeaduanslusun 3.14

M3197 3.9 TeazBunveweuUatlniignitiieyseiiiy

FUUNISIZUIBAINSDU ONAN / OFAF
tayaniglnia 30, 50 Hz, 879 A /6915 A, Dyn1
Viindn 2010
nandiculday Jan 2011
Yaanandignldary 13
AaavasauIuMelundauladlnia | Thermal Upgrade, mand E (120 °C)
anasTRlWa ity thifuug, Aena O (gaumgfinli 170 -180 °C)

M1519% 3.10 aaﬂmamwmaumﬂw%

Insulation Resistance and Pl IR [Mohm] PI
Primary Winding to Ground 4,620 1.75
Secondary Winding to Ground 2,466 1.93
Primary to Secondary Winding 16,900 1.816

Insulation Power Factor [%]

Primary to Secondary Secondary Winding to Primary Winding to
Winding Ground Ground
0.1756 0.2440 0.1725
Ratio and Polarity Deviation based on nameplate < 0.13%

Exciting Current High-Low-High pattern




397 3.11 (0) agunamaeaeu sl

49

Winding Resistance Test

Deviation between phases < 1.0%

Deviation [%]

Impedance Tap
1 9 17
Single Phase Impedance 0.016 0.140 0.233
Three Phase Impedance 0.044 0.020 0.005
Core-G Camp-G Core-Camp
Core to ground [Mohm] [Mohm] [Mohm]
10690 10370 4670

Main insulation (H-L)

10

Dissipation factor
o
—_
|

0.01 ~

0.001 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII

0.0001 0.001 0.01

0.1 1 10 100

Frequency

5UN 3.12 wan1snaaay FDS vesdiuauiuvanlundeulatanmalusuiuuresedlsenay

rugeydelugaemud 0.1 mHz-200 Hz
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NO. Analysis Item Results
Conductivity at 20°C pS/m 0.121
1. | Mineral Ol Relative permittivity at 20°C
2.2
(dipolar pol)
Estimated moisture content %wt 0.7
2. Pressboard Paper | Estimated moisture
%wt 1.0
saturation
Bubbling inception temperature (reducing PDIV
q. @ 181
level)
5. C 50 Hz HV to LV Windings pF 12,713
6. C ratio C (10 mHz)/ C (50 Hz2) 1.014
aTeT 3.13 nansieeiudanavanelun i (§mdn)
Test date | CO, | CO HYOLCH I CoH, | CHE | /CoHge 10, N, TDCG
May 18,
2569 | 625 6 11 0 7 9 4098 | 35661 | 652
2023
Apr 11,
3624 | 1061 | 7 18 0 9 3 6712 | 55825 | 996
2023
Oct
3632 | 1052 | 7 18 0 9 3 8193 | 30365 | 1089
05,2022
Mar 28,
4364 | 1518 | 5 26 0 10 q 9871 | 21841 | 1563
2022
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Ratio Result
0.11 (Normal) (0.3-0.5 is acceptable,

O./N, Since the transformer undergoes De-gassing, the values are within

Normal)
CO,/CO 4.11 (Normal) (3-10 is acceptable)
No fault detects
Fault
(AWl gas below typical values of gas concentration and rates of gas
identified
increase)
Annotation: | Interpretive method based on IEEE C57-104-2019 (Roger, Donenberg)
and IEC 60599:2015 (Duval)

dl va 90’ U %
13799 3.15 NaNIINAFDUA TN UAVBIUNNUNLD bUag

Parameter Test Result
Dielectric Strength [kV] (2mm gap) 68
Interfacial tension [mN/m] 39
Acid number [mgKOH/g] 0.022
Water content in oil [ppm] 12 ppm

Dissipation factor [%] (at 25°C)

0.002 at 25°C
0.300 at 100°C

Passivator content [mg/kg]

<5

Corrosivity

Non-Corrosive

Furan in insulating liquids [ppm]

5-HMF (Not Detectable), 2-FOL (<5),
2-FAL (14), 2-ACF (10), 5-MEF (<5)

Dibenzyl disulphide content [ppm]

0
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“ I

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 @1 [hr]

JUN 3.13 vansedalushidnndenunlelumsussfiuengvemdeudatini

og ° J
Mm C ot
+ -t
. o
‘.
*

F

0 20 40 60 80 100

0 1000 2000 3000 4000 5000 6000 7000 8000 13a1 [hr]

5UN 3.14 gaumniisnetiluevemnaiausewiivesUiigniaen
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unil 4
NANISNAFIULAZNISIASTITHNE

4.1 Mnaaasluiesufjianis

4.1.1 W38UHBUNANISNAGBUNISNAFIUBIAUTENBUANNTUVBIAIBE19N I TUNTUS
NAFDULAAILUANTIT 4.1 Han1StUSeUgUNITIAUSLIUANNTUIINEDIITN15AB
Coulometric Karl Fisher #318135n1501591UN1591103AUT2NDUALATY LAZAINAITUILAULA
PNz auiaUseuueIRUseNauUALTUA83TNNT X-Y Model Han1siusauwiauwandli

=3 1 d! I3 aa v 2 I dy Y [y}
WiIn1snaaau FDS fadudsn1stanisluihaiunsalieiesnusenauanudulndifesiuna
NN5TIALAEATI TagdAULANANI9INANRAEFIIRN1875A1S Coulometric Karl Fisher i

W 0.1%

AN5199 4.1 NAFDUNISVAADUBIAUIENBUANNTUYBIFDE 19N LU WIS

ANSOULNSE e T ———
A UD3IAAIEY )\ [% wt.]
NADYY S NI3DULNIN
A1UIDU Coulometric Karl Fisher
NAgau LU
150 99A" "~ | FDs
N 1 2 3 | ARaY
LY aLy &l
1 (MO) 0 Flaws 1.7 1.8 1.8 1.8 18
2 (MO) g 8 lalg 12 L 120 129 2 | 11
03y -
3 (MO) 16 93l 0.8 0.7 0.7 0.7 0.6
4 (MO) 24 7131 05 05 05 05 05
5 (MO) 0 3 50 8\ 5.0 50 | 5.0
6 (MO) % 8 Fla a1 | 41 | a1 | a1 | 40
30 Ju .
7 (MO) 16 93 3.9 3.8 3.8 3.8 3.8
8 (MO) 24 413 38 38 38 38 39
9 (MO) 0 #lus 71 72 72 71 73
10 (MO) 3 8 Flus 65 | 67 | 67 | 66 | 65
90 Tu -~
11 (MO) 16 97l 6.0 5.9 6.2 6.0 6.0
12 (MO) 24§13 59 57 56 57 | 55
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4.1.2 wanadsunsuagauaalasalatiulawuainudvesitegiadgndumsniun
wazgniinlideuanmdasthiuesnadsssumni

NAN1VAAEUNSIA FDS veamsavesailiiunsidenanmsieniudeudagnia
msnLLARILEAeSsTTINATUTINAWY dzuandlugufl 4.1 nansmageuluzudl 4.1(n)
wandliiiuinszeznalunisdunsniuniinaegsuinsessdusenauaudnds (Tan 6)
dmsuimsaveiailifedddanuiouddumsniunlitionnd 8 $2lus wdlnunifeduludy

Trsesdusznoumugayde wenanil aziuldinanlunsBumsniunavainasonwnus

[ '
= 1 =

vosmudlnuniinduneuunuiinsilurmgeganunnsieiu waziuidvunaziiouludy

(%
= o v v 1

ANUDgaRudmsuieg e kiin sBmsnLUn

= a

Nounadas ATUATEAIINAUITOUAINA ITAUILLEDNENINIINAIUS DU 1T1B991N

9 Y Y

1% '
a o ]

ANUlafesigmgdaavesindy NE viTlinszuiunisdumsniunenadiiuselulumuey
megegnisldamuaienanAuseu (@uugliuin 150 ssriwaldes) viliiAndulded
'y} % (v 1 < a:l' o [y} o ] % = % =3
udeuiu eg1alsnanu Tugun 4.1() dmsusegunmeldanunienanainuioudune
30 Tu N1IMEUANeIlUYIAIND 0.1-1 Hz azdlmnuunnstsiudnies Jedulnglasu
vdnavInAMaNEarYaInITT [11]

SUT 4.1(R) LARINANISNAADUVDUNTAUBT AT DUNINLUAG185ITUY A AeTA
ANUATEAAINAMUSDUT LAY 90 TU LEULAINISNBUAUDIVDIFIDENIINUATI UL DU
NOUTNUUAMNADAYIANUDVBINITIA

Ao ~ ~ o = oA a A 1w

W9y NsiUSeuie UA19819%9813a1 lUNIS BN NLUATWINA Y. HAN1SNAZBULERILUY
sUN 4.2 Tugud 4.2(n) waninisneuausIvesilpgraunsauesaildduwsniunaiels
AMULASEANAMNS DU UIAT 30 TU T dulAmataladnulluuanasnaanadiaalnud 1o
WEUNUAIDE197 LB UNIS A UFAINA 8RN DU AAUIAIIND VDL NUNLAE AT

a d' -'-N' t:ll r': L% 1 Q{' 1 o ¥ dl' 1 ‘221’
aanin1slAsuwatll msneuauasinudivesmeg iNIuNM Ty T douan1mU
MANTNVDUNTAUDIANTVUL 9INTUNAI1N 90 TUVBINTITNIALE DUANINAILAINUS DUY
aunsadunanisidenaninvenraglaguaruTinuauduiiudulumsavesa 91nnsen

1%
U = 4

FAIVUVBAULAY WaSeuiguLdulAIve99I0g199 30 U
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——0d_im0

1000 —a—0d_im8
< —e—0d_im16
9: 0d_im24
2100

Q
8
c
2
w 10
9‘ 3
8
a \

1

0.001 0.01 0.1 1 10 100 1000
Frequency (Hz)

() 819N lNIUNSENENINIINAUS DU

——30d_im0
1000 —=a—30d_im8
= —e—30d_im16
S 30d_im24
5100
o
8
c
2
8
()
1

0.001 0.01 01 1 10 100 1000
Frequency (Hz)

@) ﬁaaéwﬁsﬁunm?{amamwmﬂmm%am*ﬂuna’l 30 U

—a—90d_im0
1000 —=—90d_im8
= —e—90d_im16
S 90d_im24
£100

&
[<,
S
g 10
2
1

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

(m) (;f’?lE)EjNﬁ&i’]‘Llﬂ'1’iL?ﬁJiJﬂﬂ’]W’ﬂ]’]ﬂﬁ’)’]ZJ%IEJULIdJUL’JﬁW 90 U

JUN 4.1 1HulAs FDS veunsauesandunsniuadegninlidesanmangldannaienain

AN AUl kaTlsEeza UMD NAUATIAITY

dmsunatlunisdumsniun 8 Falusduly LARIFIFUR 4.2(2) NMIREUAUDITBY
fegrsmeldrnuiaisnananuiouduna 30 (30d_im8) Yuiluuilduiiogusuussann
vomwpunsavesaliituidemnidulfaniamasntismuiuasdusinamuduiising
dewSsuifsutusegnadiliiunisviliidesan miieanudeu (0d ims) uazasisuuans

N15LE pUANINUE AN 90 Tu Bg19lsAmLEUTAIURIA198197 90 (90d_im8) Tunuls
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AIASEAIINANSOU nSnIsRevaussduwIltufivefian nanuduauiudifndqly
Fregnafiliiunsyuiunsdesanin (0d_ims)

Tusuil 4.2() uay U 4.2(9) Wduldsesdusznaumugidsveadiieesidumen-
wavduian 16 $a%us way 24 Talunua iy ns1MnIsRevANeIveIRIe81e 90 Tu
(90d_im16 uag 90d im24) fnfunsnnismevauasvesiiesnefliiiunisviliidesanin
puANTOU (0d im16 way 0d_im24) Tugeaud 0.1-10 Hz

——0d_imO0 —e—0d_im8
1000 —a—30d_im 0 1000 —a—30d_im 8
< —e—90d_im 0 < —e—90d_im 8
[ =
56 —
glOO %100
S S
‘g 10 810
5 8

1 1

0001 001 01 1 10 100 1000 0001 001 01 1 10 100 1000
Frequency (Hz) Frequency (Hz)
(n) g9 laNIUNITBULNS LU () DY NAHIUNITDINTNLUR 8 YL
——0d_im 16 ——0d_im 24
1000 —=—30d_im 16 1000 —=—30d_im 24
S —e—90d_im 16 < —e—90d_im 24
%100 §100
5 E
g 10 ‘g 10
z g

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

() M08 IUHIUNITBUNTNLUS 16 TalUd (1) Feg 19T lUE U TBULNTNLUR 24 T34

5U# 4.2 1dulAs FDS veunsauasandumwsniualunavintu usllsseznantunsgnvila

LHDUANTNAINANUS DUTNANIAU



57

AN5199 4.2 NaVAFBUMSNAABUIAUSENBUAIILTUTDIF 108197 10U T UL O AM DS 5 ITUYR

29AUSENAUANNTUIUNTAUDSH

A1IDULNTA
o UD3ARIEAIY R [% wt.]
P RIIEN o ANIDULNIN
DU Coulometric Karl Fisher
NedEU LUB
150 991 | FDs
. 1 2 3 ALRAY
GBISEG]
13 (NE) 0 #lus 35 37 37 36 | 34
14 (NE) ) 8 Hlus 12 | 12 | 12 | 12 | 13
0 Tu -
15 (NE) 16 979 s 1.0 1.0 1.0 1.1
16 (NE) 24 313 1.0 1.0 0.9 1.0 1.1
17 (NE) 0 Falais 4.9 4.9 48 49 | 53
18 (NE) y 8 4lus 49 | a8 | 49 | 49 | 53
30 Ju .
19 (NE) 16 Falals ) 5.2 5.1 51 | 5.2
20 (NF) 24 431319 GW) e 53 53 | 5.2
21 (NE) 0 Flaig 5.4 55 5.4 54 | 57
22 (NE) v 8 Falug 54 | 54 | 54 | 54 | 57
90 Ju :
23 (NE) 16 979 5.4 5.5 5.4 5.4 5.7
24 (NE) 24 %819 55 55 54 55 | 57




58

4.2 wasigunnuaznisuszilivangvamdiaudadinili

4.2.1 nMsIavinaytgunw

AzLUUANIZYRIRLIUNargnAaLarldTayanan saaeuseyliTuund 3
Tneiinanseunudied

msUsziiuduunouewefadodeviidieldluanavemedwes Ingldnadwsnig
mmi’mmiﬂizﬂauﬁiﬁﬂuﬁ;ﬂﬁumumiwﬁ 3.15 $UTuTa 2-FAL VAU 14 ppm @131980
Uszanaszeu DP auaunts 3-2 Wiszeu DP windu 961 anniuldinasinnumisiedt 3.2
Fedusedu DP vesmdfoutatiiihaziinguuuegi 4 azuun

Mnduinsiiavauumsifimesnsniilneldnansmageuainaisisd 3.10 na

¥ 1 a 6 d'
N IARZLULLAAZNITITM DS WARII LA 1T 4.3

AN5199 4.3 LNginsUsEiL HansundeukarAziuuluiitenisuaaaunialniin

w1y Lneul NaNIINAHIU AZLUY
IRp =5.13 Gohm,
A3MIIIRAINNUAIUNIY | IR >1Gohm, IR. = 4.32 Gohm 1 (ausuly,
Aanuduauiu (IR&PI) 1.25< PI'<2 Pleprmgr==tat % (Acceptable))
Pl Secondary =1.75
nsdniAEaEENe 1
PF <0.5% PF e = 0.2440%
U (PF) g (Acceptable)
\\ ~ 5 " Wesuuluain
NITINDATIAIUVDINIID Westuulianniuw 1
ALNARGIER
kuag Wam < 0.5% (Acceptable)
0.13%
Y] v ° ° 1
NMTINNTLUANTEAY JUUUge - A - @ | JURUUE - 60 - a9
(Acceptable)
. 3 ALATUNIY AUATUNIY
ATINAIUATUNIUVD . . . . 1
ENUNAAITOE FERNANFLANG
VAR . (Acceptable)
nelu 2% geanliiiv 1%
- ATINAUIUINE | - ANAUY UL
6 = d‘ = a 1
DuNLAUT (2) LMY <3% LBLNEY | LA8IgIgn 0.233%
o i o e (Acceptable)
AULNEDY LaMgUNULWEADY
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WIVBN1TNATDU Lneua NANIINAGFIU ASLLUU

- ANUAIUNUNE | - AUATUNIULE
anaina: <3% We | @uwla: 0.044 e

WBUAULLLLINES WBUAULLLLNAS

FIUNTUYDIRUIU 1
Core to ground >100 Mohm s
Aen 4670 Mohm | (Acceptable)

nadnswansliiuimsiwesnislnimsaenviniseaeulinadnsnegluinae

“gansuld” vibiazuunvasmsidiweinniilu 1doiazuuuvesmsidweinndiluga

v [y

fupzkULYeITEAY DP avilnlanzuunan1izauiuvaned 4 avuuudsegly “A” wnurd

'
=

Faszyazhuuilasulandlugun 4.3

$=(0,1,2,3,4)

961
Estimated DP Value ————l Table Score I—» < Sc=(0,1,2,3,4) -

1"~ " adAco” ki Final score for Active Part

I
TAsulation Resistance & I I S=(1,0)
Pl Test |
Tnsulation Power Factor I I S=(1,0)
Test |
= = l''S=(1,0)
| Ratio and Polarity Test l—'—» S=(1,0)

|
|
= 1 S=(1,0) &
l Exciting Current Test l—:—» (And)
| Winding Resistance I $=(1,0)
Test |
I S=(1,0)
| Impedance Test l—:—>
[

I S=(1,0)
| Core to ground test l—:—>

Identify abnormalities if values
exceed the specified standards.

Trigger

JUN 4.3 WU STIULAANAANENIAIUINATMILEAN TIvYBIRUIUVAN lunTlauUaq

1aNINULIANANSUINANISNAZBU FDS ki laenlunainisitansinan1snaaau
Juazylalaen1sUS s Ul g URURNANISNAERUASINOUNLI tHBR1SUITEUlAlu 29

P N ! a ! 1 A Y o v ! 2
Anudlaasuilasidanannunioly LLWLu@ﬁﬁ]']ﬂVl'Nl’d‘ﬂ@VﬂiiJiJ“UEJNﬁﬂ?ﬁ%@ﬂ@‘Uﬂ@U‘lﬁuq

Y

Y
a

Javhlatiiesfinauaindeyatuyienaue (<0.1Hz) Bsludannudd Usunananasslaiiie
ANLEDUANINVDIRUIUILI DNTNADY1IUINLLBINNSINA LS TUTIVaULNTE ANUAUNUS

U 13 a 1 dl CI> U L
YaareRUTENaUANGNY (Tan 6) TugeAuddn (1 mHz) Auaniizveuiunanaely
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wsfouvadlndln wanslilumisnedt 4.4 [5] LﬁaﬁmmﬁmﬂmamimaauLLa@ﬂugUﬁ 4.4 @y
YDIRUILUILATIIU “Good” () Fslunadnsuanslulufiamiafienstu AzuuuanzvosauIy
aN

yonandifiansanmnsimesilaaindiuia wu evazUSinunuiulunseay
LarAMUA T TeannsailuTouisuiuafunsgruimualild Wedunsgu
fsruaUSinaeaEuiivauends anmuesauauaglea defesasUiinaardudusily
Ynifu (Percent saturation water in oil) uANST 4.5 [23] uinan1sAWIMaIN FOS Tika
nsAunandudosazvesUsuiauauiulunseany egelsinuaiuisoutasani iy
A uduilutuld [24] Fanadnidngnisuvasuandlilunnsed 4.5 wudy antudle
W3 UITBUNaNTUSENAIAILT Y (151971 3.12) Aidwalldissanal 0.7% avnsafuinas

“Dry” muﬁﬁmummmmgm IEC 60422-2013

M13197 4.4 ANUFUTUTVDIRIRUTENBUAVINEAY (Tan &) MuanINUeRUIY [25]

Tan é G
Tané < 2 A
2< Tan 6 <5 waldy
5< Tan 8 <20 #
20< Tan & <100 F8IN

Tan & >100 UATY

a v o ¢ a & A o S o A I a &
A1519% 4.5 AnudunusvesUsnuAEua LA luNTuIwUasduUS e ulunszae

FOANIZYDIRUIY
NIMUAIN IEC60422-2013 91999919V [24]
UsanauaanaBudugaly ANUFUNUSAUANIIZVD y
y anuFulunszane [%]
Wi [%] auU(waglad)
<5 Dry <2.2
5-20 Moderately Wet 2.2-3.6
20-30 Wet 3.7-4.7
>30 Extremely Wet >4.8
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Main insulation (H-L)

10 -
Tan & fiA1Uszunae 1 at 1 mHz
1 ¢
S :
(®) |
O i
S 01 4
] E
© C
Q -
o -
2 i
0.01 -
0-001 1 1 ||||||I 1 1 ||||||I 1 1 ||||||I 1 1 ||||||I 1 1 ||||||I 1 1 ||||||I
0.0001 0.001 0.01 0.1 1 10 100

mwﬁ [Hz]

JUT 4.4 uan1svnaey FDS vesuauvan (H-L) anglundeudaslihidieniansandn

BAUTENAUANINGYAEN 1 mHz

AZLUUTTAUANUINTUYDILAE (DGAF) %qﬁﬂmmmﬂ%’ayjawamsmaau DGA #1579
fi 3.13 Felddeyaniufiaraanvimaasy Ao “May 18 2023”7 AwauNIOAIUIAATLLY
DGAF muainis7 3-3 Feldnadnsaunis1efl 6.6 Azuuy DGAF ﬁié’%gﬂﬁﬂmgmﬁ’uﬁa@m
an (TF) FelfnannnisAnavuuusnsinsdiistuvesuianunis sruaulagldaunisi 3-4 1¢

NASNSULAASIUANTIIN 4.7 nRadnsnIsAvnuLansliiuI A aauseau it ldulung

'
a =

Windy Sieaudalalasiau (Hy) Fadasunilduawnsduia (Stray Gas) Aaiduniaiianunsa

1%
a =

AeduldudlifiauReunile wazidesansnsinisiuiuves H, ﬁmﬁiam’haﬁﬁqiﬁawg_]ﬂ
faraddunainanniniensiafavsavsdals andeyaiamundmaliiagaaniia
Winfu 1 Bevinlviaguin DGAF anafidnivindiu DGAF’

dmsunmsinsidnsdiuveania nadnsgnuanstiluund 3 Tunsieil 3.14 3
WA AU ERS1EIUNTIATIEYLAE O/N, kag CO,/CO asﬂummsﬁﬁﬂﬂa WIINPRSEIU
O/N, (28l 0.11) a¢lsioglurasfiumsguiuafn uidlefinsandnmninduiunie
anasesdngtdul widldidirdeudransd anasmanamaasuninou (egi 0.12) 4l

ansagninnuledn sesdiililaegluranuinsgiuivuainainnisuslaneendiau
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yaadululiseneandindu (Oxidation) ¥50n1559l1aT8401N159 N8 UBNLLINNE MLl
wUaslniih

wanand lesanuinaufaimunegiiniiailasialufinasgrudmun ns
Aesgimanuiaunfidlesainuiaddianmsaild famnefsbifianuiaunfvesufani
aulag FaunzLuLYeSasEuLasalavindy 1 dawaly DGAF Fenedid iy
nadwsiazgminluivisuifisuiiomazuuuaniizes DGA Tumisadl 3.5 GldArazuun
0175983 DGA WA 3 (Beu3uld) unuisdsssyazuuuiildfuuaazuunan1izyes DGA

uamaluguil 4.5

AN5199 4.6 NAANSMIAIUIUASLUUSLAUANULTUVDILA

AZLUUIZAY N

. s U1niln NAT

wial AYUUTY S x W, DGAF
(Wi) (S, X Wi)
(S)

H, 6 2 12

CcO 3 1 3
CO, 4 1 4
CHq 6 ) 18 103 5.72
C,H, 6 3 18
C,Hq 6 3 18
CH, 6 5 30

34 18 103

AN5199 4.7 HANITATUIIAZLUUTDIDATINSINLTUYDILNE

. SasImsiiuTY | AZMuY
1515 Six W, TF DGAF’
Tu 19U [%] (S)
H, 1.92 4 8
CcO - 4 4
CO, - 4 4
CHq - i 12 1 1
CoHg - i 12
C,Hg - 4 12
C,H, - 4 20
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- Se=(6... 5.72 ...1) DGAF’ DGAF’-S; to scoring table
Concentrations > » >
Sci=(0,1,2,3,4)
S=(1...0) X
Trend S > X
R S,=(1,0
Gas ratios (1.0) >

JUN 4.5 WulsTuanHaanSNIANIMATILLANTITYBY DGA

ﬂzLLuuﬁuaaﬂmmwﬁwﬁu (OQF) G?fﬂsi’fﬁﬁayjawamswmaaumﬂmiwﬁ 3.15 Fafiansan
ussulugag 69kV<U<230kV 1asansefuuseiugiqefiauiudoundafe 115 kv nans
fa1sanaznisaraanslilunisnd 4.8 winisaaeuniUsuiaaIsndiines
(Passivator content) & i uas deafuninfinisasranuisuiaastauud uladalug

(Dibenzyl disulfide ,DBDs) Tae DBDs 1dua157 agviliiinn1sinnsouil o9a1niuuzdy

]
v v W v o

(Sulfur) wa Passivator LuasNIUSIAURAD LN U UNITIANTBUINNANE AU DL

' '
a

Tnanzuuuiiinian (1 azuuw) wiillosnnanismageunisinngen (Corrosivity) &slsiny
nsfiandeu Feasuldiiinaas Passivator Tirniiudliidsmansrsfifoddysonioutas
Tt

o nnunziunsioe ﬂgLLuuﬂmmwfﬁu%agﬁ 3.8 BIATIIUALLUUANIZYDS

(% '

st 4 (7)) (5797 3.6)

a v Y
197190 4.8 Nﬁﬂ"ﬁﬁ[’ﬁﬂgﬁLLUUﬂ”ﬁV]ﬂﬁaU NaAzUy OQF LLﬁ%ﬂzLLuuam’Jwaﬂﬂmmwumu

#adan1snaaau AzLUY (S) Ywiin (W) S x W,
Dielectric Strength [kV] (2mm gap) 4 3 12
Interfacial tension [dyne/cm] il % 8
Acid number [mg KOH/g oil] 4 1 4
Water content [ppm] 4 a4 16
Dissipation factor [%] (at 25°C) 4 3 12
Passivator content [me/kg] 1 1 1
Corrosivity 4 (non-corrosive) al 16

We33d 18 69
OQF 3.8
AZUUUFN 2 VBIAMNWLNETY 4 (@)
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1% '
-] 1 o % =

NN ARANITANNEN TN IMUALAY AzLULEnIzazaninlUAumemln J91989a7n

Y Y
1%

MUY [12] A9 UINTNALLULANTIZVBIRUIUAENTAT 10, WINHNALLUUAN1IZY9 DGA df1

1% (%
Y

10, wardmiinAzkuuaNNEALILMAEA 6 I ndumuunasilguamauaunsi 3-1 azld
ATLUUAYAUNINEEN 90.3% WaNIINUINNWITY [12] NapzwuuauguAmasaseyIe

msldanuiwaesgvemdauauandlunse 4.9

4
| ’ Estimated DP Value > 800 = I |
| ' |
| » 0 ' |
| | Insulation Resistance & PI k—u> I |
- I | | |
E CC) | ’ Insulation Power Factor s : |
a .= | Active |
2o ’ Ratio and Polarity o art (1,2,3 4) I |
g O | |1) cor?dition ’ + 10 T .
e} S | ’ Exciting Current I( score : I Main tank
é:) o iy | score
Winding Resistance I .
| =3
| ' ' |
) | K.Sc, )
: ‘7 Impedance : | : = = — HI=90.3%
I { Core to ground > | | i=3
T, e e e : ' = 4K
| w ka
6 I ’ Concentrations Ll | :
|
Q | DGA 0,1,23,4) ! |
W ‘ Trend Factor 3 Score (01234 + 10 e
< I I | |
8 | ’ Gas ratios : = | |
I ——r—o=—0soo—0ug : |

I oil quality | (0, 1,2,3,4) I
' AAL e
| ’ Quality parameters H—» AR

Liquid Insulation

UM 4.6 UHur@auanssaansmsAwInmatavnin

‘ﬂl U % L3 v dl A I ¥
13790 4.9 ﬂ’J’]ﬂJﬁiJWUG%ENﬂ%UE?Uﬂ’IWLLﬁ%’eJ’]‘q‘VlL%ﬁ@@gm@ﬂ%m@uﬂﬁﬂlﬂﬂ’]

AUtlgUNIN AL, : - B
AU A1BSUNY Uszanaangiitvadont
[%]
' P =
. dutlszneutneetEnIEaNAN N L
85-100 aNAN | 1111 15 U
ATENE G
L | dutlsznauunvetina@eananinesing o
70-85 O 11NN 10 1
ledneny
. | dulsznounangegiinisidonanin .
50-70 wald | Wasnan 10 1
DEITULTS
30-50 A1 | MSHBNANINEE1TUNSS Wesnin 3 1
0-30 AN | NISLERNANINBEITUTINN Auengy
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4.2.2 nsussilivengvasmdoudasinin

Han1sUszdlngvemliaulatiniimiunsialaglduuuinassesuienistey
aanepvesvaglaa Jeidoyadunmiu gamgiivesanmanetalis UTinuufaoondiau (O, 7
avanegluhifudsldinanmsyii DA wasdiinmedulunssnuddlfinannssiuudn
msneadey FDS (MnmanaseduiesujiRnmstauandiiiiuinnismaaey FDS annsa
FnammimnuerdulumsmsldlndiAsstumsialaense) doyagnmgiusmasedalus
nasatuandugzud 3.14 gampinedilumwesnamnusswvesdiiignien azgnldlunsuszidiu
Hoswnivasluliuiinslfnunienniian Tudurewdatiinu O, wthinainuans
yAFay DGA aan HamsAwINazdy DP Mnidlaeagiaarigndnnaentisduandusud 4.7
Tneldsedtu DP Badufl 1000 ntuvimssunsiummesdmsnmadouanmuaddusig
Tnandiiianldnu uaziluduwaszsu DP Tullinqly sddinadnsuanddusui 4.8 Taons
uABendeseiy DP ivsemnalaanmarnuansvedeunsanan dudviestonsdiiviio
wasitinauenutunfuiiviinm O, 39 @sonaifnnviisuladises) uiidude
nadifivifeutasfienuiugausiiunm 0,Und uavaninefaidudiunioiviineuiuiay
U O, 9

51971 4.10 uansegvesvsentasluihiilefiansandwmsiondasliamnsaldausie
¢iisesfu DP sindn 300 edslsAmumnuiaSendansnilag feraiaduuuanain Wy ns
AAndanaznnzdangandlini a4 e1edsualiifinanudumaivesauiutousignislday

TneUszannd (AINLANLARINOUIAIDUADS)

1000
DP., &, = 1000 (t3u1)
o o o
o DP gan1e= 960 (3u)
2
=
33
e
900 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000

a1 [Hlaa]

JUN 4.7 nasnsueasedu DP aasanslmenisauiulaglidoyalsunaninuuwasysunm

U

wid O, INNHANTNATOUATIAER
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1000
%00 I\ |- End-of-life-criterion 300
------- End-of-life criterion 200
800 0.5-2.0% moisture in paper, Oxygen level < 7000 ppm
0.5-2.0% moisture in paper, Oxygen level = 7000 ppm
700 ~8 years >2% moisture in paper, Oxygen level < 7000 ppm
>2% moisture in paper, Oxygen level = 7000 ppm
600
o
500
e ~26 years
400
300 |---------
200 |-----=====--m=ms
100
0

2022 2032 2042 2052 2062 2072 2082 2092 2102
U

35U 4.8 ldulAsuszansediu DP Yenuineaglaa

M1399 4.10 agUlnvisiandasenainasnune1en1sldau (DP=300) 91nanIwdaulaniag

anudulunszae [%]

0.5-2.0 >2.0

<7000 2077*(~54 years) 2049

S2AUDBNTLAU [ppm]
>7000 2033 2031
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unil 5
dyunan1inagauy

nnmanaaesluriesfifing seianansuausdladidnminveansavesaiigndum
sniupfeiiuitaseanafsrmilunaiistunnduiunsdenan mdauon
Tunanfisnetu iWeidunismsemuanuisuifovsmnanadulunszais Tuluiens
dpvidaiianin uaznisuszlivengveamndowadlniivuin 122/175 MVA 115 KV - 15.75

kv anunsaaguesnunlaneseasidensieluil

5.1 d@yunanisvngau
5.1.1 nMsnaaasluiesUfjifinis nsfnwinanauauadladiannsnlunisusadiudiunm
ANMUVUTUNSHUBSANDUNTALUAINAUIULIE? 2 TR
dwsumsauesangnaumInuakaivildenan e senduns - n1suseiliudsuu
& & v  aa a & a | P
ANuFUlunsauasaneIsNsnaasunanauauadlndldnysnlurisenud ImHz-1kHz wag
M3InANuTUlaensImIgmain Coulometric Karl Fisher linaansndanulnasdeanulumig
ANNBUTIN AR 0.5-7.3% dwmsunndegsiihluneaey lngnaainnisneaey FDS T
USunauauaunwendialidiiy 0.29 wt. Wawisuiunisneasulnenss (Coulometric Karl
Fisher) hanabiiiuinn1suseiiuysunumutiusienisnagay FDS dussansnimiaans Tu
N1997198909USuae LR uAglunsgany
dusumsavainigndumsniuniaryiviidesan e infiueamessssund  Live
AnwmgAnssudiidenanevaussladidnnin  waansaluguansliliuinuinsavesad
gnaumsniualunaissiusiumMsdesan miigavglias  (150°0)  UANanauaANeIvas
iegaiiiunsdulunanfidesndteggidmfegnandumsniumdunaiunitluyng
AU visernanmalaiinssutunsBumIndiasiuliudely  uasuansmainsiiautauInnd
nsideNanInveaglaa @ vSunsnaaeuMIUSINAINAY FOS Sandvinadnsnlndifes
[y [ a ;:glj ‘é’ % ] 2 Qd‘ I~ [y 1 [y} 6
funsiavsinaenudulaense yenantiwivragnieldenmgiinasduian 90 Juudnaans
E Y a P v o | a o = g o’ %
YDINISNAABUANUTUTIASTIANLNALABIN U089 30 U wiiesanAuTulunanassles
AINNSLADUANINVDINTEANY  TULAAILALIIUINTEAMINSEDUan WL UlUL R e an oY
widy  ellonadunsganuaivsresamgiivenhdueamessssunandielinssany

\HRUANINYA
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5.1.2 aytguninuaznisuszilivangvamdaudadlnili

1%
o

Han1snaaeunlnd - nsegeuliiafarangeguiiundoutas  wazauauURves

o w [y

dsfundfeutadliih lduansmsidenanmussauiuiidtod @y szdu DP Swrannnda 800
warUSanuasussneulsu (2-FAL) fidndiinin 20 ppm Usuendeeanisidenaninves
anuaglaafivadntios lassuudranmiauiuuardiulssnaussogluanmd angnsld
nuiwesglneusvanmvesmiiouasiifeinnndi 15 T

mMyUszidiuengueamnioulasiivdosglunsdlil annzlvasiilsiiAulidedaiigniden
11 Usinaenutulunseawagdestosni 20 laglifidudasendiauuazmsiilvavestiy
U3 (Weifuiidenanin) azamnsaldnudelulsdn 50 U vieethaiios 8 Tluanmiuedign
oghdlsfAmuanunaaavslwihvionnufoudansnilag  foriatuvueean Wy N3
Andauaznniangandiei Wudu ensdsmalvifnarmdumaivesauiunousignisldon
fszanalld (rudmaaneunatdumns)

avtigunmngniavihdiludiosnisuszlivawiunmelusadmdnvaandenvas Ingll

a0 £

JwdUUsENeUBUNdHaraogveInliauUatlii uazinasilunisindunanisaaaudiu

P

TngflWiarwandenifies 0 uag 1 tiu ddeRfeminanwvemdenlanydeulusadaunine
nategeTImsiud lumsndusudvidliannnasieufimareanisidenan nogng
woiilodld
UalEUBLUY
1. esfimsveaounnantAduquesnsavoiauazamautRvenituinydsundasly
og14l5 LleannsnuendangAnssuvesnisidenaninyesauaumailonine 555uvA
Ipeingnees
2. ydanmueamleuadliiih msiinasidadulafiezidenndfl uddnslinadnsi
nevauedldfmniowlaianmiasullegadioddy
3. nsUssidiuongmsnisdimuvidulevossagloadignin Asviinisduiudsud
Hlususnivsfoutastinsdrell wagufuasumaiinesdunmegianeiilodnanis
naAeUALTNTE DGA Wielinanisussiliuagieudanindeuaninvesauinld

TnaAsaunnIu
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Frequency Domain Spectroscopy of Pressboard
Impregnated with Natural Ester under Thermal
Stress

K. Chumpiboon', W. Vittayakom *, ¥ Kitikhuntharadel ', 5. Maneerot*, N, Pattanadech |, P. Chancharoensock !
‘Depanment of Elecineal Fegineering, Schoal of Enginecneg.,
King Mongkut s Iestie of Tecwology Ladkrabang, Basghok, Thailand
“King Mongkut's Isstitube of Techsology Ladkrabang College of Nonatechnolegy, Bangkok, Thailand
TESLA Power OO, LTIN, Om Moi, Sanut Sekbee 74030, Thailand
*E-mail: kehanspibooni@gnaail. com

Abstract — Ome of the most popular insulating liguids is mineral
uil, which is used in muny high-voltage appuratuses, especially in
tramsfirmers. For o few decades, the cancept of the use of
alternative insulating liguids hos been presented. Natural ester is
a vegelable-hased insulafing Bguil. Presboard s o type of
electrical insalation paper made of cellulese. Frequency Domain
Spectroscopy (FDS) has been wsed do assess the insulation
characteristics such as sil-impregnsted paper. In this paper, the
FI5 of pressheard impregnoted with nataral ester under
thermal stress and presboard impregmuted with astoral ester
were studied. In the experiment, the pressboard test specimens
were heated st 1 degrees Celsius in o vaouum oven for 48 hoars
to reduce the moisture. Then, the test specimens  were
impregnated with natural ester fur O, &, 16, and 24 howrs. After
that, they were simulated with thermal stress by heating at 150
degrees Celsius in a vacoum oven for 0, M, and 90 days. To
unalyze their diclectric integrity, FINS was performed by
DIRANA. The test cell for solid insulation testing. vooording to
JI5 C211] was prepared and used for the FDS experiment. The
result shows that the characteristics of the natorul ester
impregnated pressboard that had heen subjectesd o thermal
stress were slightly different when compared with the same
impregnation fime of the presshanrd.

Kepwords: Natral ester, Jmpregnated presshoard, Thermal strss,
Cellnlese, Freguency Domain Specirascapy (FIE)

L. [NTROIUCTHON

Since several decades ago, mineral insulating il las been
extensively used in high-voltage power equipment because of
its exceprional electrical and eooling  perfoemance  and
ingxpendive cost. 1t is conumonly wilized as the principal
insalation in high-voltage equipment insulafion  systems.
However, mineral oil has wieaknesses sucl a< low fire point,
msisture sensitivity, and the inability 1o decay organically [1].

Environrmental issues are currently taken into account.
Consequently, it has been sugoested that mare ecologically
friendly electrical insulating stadies be comducted. Liguid
diglectric coolams with a basis of synthetic ester oil are
environmentally fréendly insulating because of how they are
produced. In comparison o miseral oil, the matual eser is
maore stable at high terperatres. Therefore, there B les
deterioration than with mincral oil. Transformees produce
mavisture at high temperatures as the cellulose insulation ages.
Diclectric srength decreases when the insulation system's
moisture content rises. Ester fluids can absorb moisiuse from
the air, cellulose, and other materials o a greater extent than

This research is supponied by T15 Engiseenng and Service COL LT,

mineral oils, When cellulose insulation is impregnated with
ester fluid as opposed o mineral, the aging process of the
cellulose can be greatly slowed down, The elecirical
characteristics, biodegradability, oxidation stability, and fire
safery of natural ester have boen improved, MNataral esters ane
generally more expensive, but they ave very low freezing and
melting podats, making them suitable for applications requiring
thermal  stability  at  temperatures  that  experience  large
vargtions [1-2].

This paper studies the trend of pressboard impregnated
with matwral ester under thermal stress at 130 *C. The relative
pormittivity and the dielecteic dissipation factor are measured
using Frequeney Domain Spectroscopy (FDS). The purpose of
FD5 s 1o access the insulating properties at  various
frequencies. Inthis experiment, the fiequency range of | mHz—
| kHz is used, which is ihe frequency used in practice [3].

1L RELATED THEORY

A Basic of Frequency Damain specirosoog)

Freguency Domain Speetrescopy (FDS) 5 a2 non-
destructive technigue 1o assess the condition of the insulation.
To determine the impedance of the mgulation, AC vollage is
applied 1o the insubation and then precisely measured the
current theough the insulation. A phase difference between the
voltage U(w) and the current {{w) s amalyzed within the
measured frequency range. The impedance of the insulation
can be explained as follows

Z{a) = Z'la) + 2" () = U {0}/ (@) i)
which can be rewritten into the form of complex capacitance
I’{ i) = _,r'mEt Mﬁl‘m} (2

The correlation between complex capacitance and complex

permitivity can be determised as follows

E[m} = £(w) - fe'{@) = Clw) (3}

n
where Cp s the geometrical capacitance of the insulation
I the frequency domain, the diclectric dissipation factor
(tan &) can be written as
o Ee) O
Lan o = (@) - I" )
(e

- (4}
&)
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Equation (3) dermonstrates that the real part of complex
permittivity represents the polarization of the insulation while
the logses component is represented by the imaginary par [3].
Due to the impormant role that water molecules provide in
polarization as highly polar dipoles. FDS s an effective
method for assessing transformer  insulation since it is
sensitive o moisture content [4].

B Dissipaiion feesor (fan §)

The poser lost when the cellulose insulation is exposed o
an AC electrie field is assessed by the dissipation factor, which
is obtained when the moisure content of the insulation rises.
Within the insulation, power is transferred as beat. A low
dissipation factor number indicates thar little of the applied
power will be lost due to the msulation, Due to its vulnerability
tor jonic pollutants, this component represents the degradation
and contamination of insulating [3].

1L EXPERIMENTAL PROCEDURE

A, Test Specimens Preparation

This paper uses a pressboard with dimensions (width x
lemgth x depah ) of 120 120% 16 millimeters, and the oil used
is a mamral ester. The new natral ester was pre-dehydrated
and degazssed for 24 hours at 100°C s the vacum overy, and
the unused peessboard samples were pre-delydrated for 45
Tsowrs at 100°C. To create a separation between prosshoard
sammples amd enable the modsture content 1o be readily
eliminated, a tray with a slot was built. After pre-dehydeatiaon
and naturally coeling down, the natural ester was mixed with
pressboard samples in the tray with slots, The presshoard
sarnples were submerged entisely in the natral ester. Then,
the tray with pressboard samples and natural ester was placed
i the vacuum oven at 60°C, and the impregnation process
procesded for 0, 8, 16, and 24 lours. Finally, the impregnated
presshoard samples were stressed at 130°C in a eloged system
oven far 0, 30, and 20 days. All the test specimens are
concluded in Fig. 1.

Time under  lmpregsatisn

e il SIFcan s it

N,

Fig. 1. Test specimens im expesiment
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B FD8 Mreasurement

The schematic diagram of the FDS measuring system is
ahown i Fig. 2(a). The main components include with westcell,
Crmicron Dirana FOS Analyzer, and a laptop. The test cell was
thoroughly cleaned, and 3-terminal stainless steel plate-to-
plate electrodes were attached. Below, the guard ring and
measuring electrode are connected. And the voltage line was
appliecd 1o the top electrode. Matwral esters that were
dehydrated and degassed were added until the wop electrode
was floosded. The Omicron Dirana FDS analyzer can provide
AC voltage with an amplitede of 2000V and perform FDS
amalysis in the frequency range of | mHz w 3 kHz The
experiments were performed at room temperatre.

(-

—

Vot agge Dine

i po Dir s
FI% Anslyzer -

= ||_|:.'.m1 ”|_|

Pleasire st line

(ap  The schensatic disgram af the FDS measuring systens

by | Testedrcuil sel-up.

Fig. I The schematic disgram of the FIM measuring system and 122 circuit
sel-lp.

The teat cell was prepared for the FDS meaguring according o
JIS C2UNL. FINS teat circuit set-up was illasteated in Fig. 20b).

IV, RESULT anD DNSCUSSION

The FDE measurersent fest resull of non-thermal stress
presshoards impregnated with natural ester at variows times is
shown in Fig. 4. The impregiation time significantly affects
the dissipation factors. For non-thermmal stress presshoands
impregnated for less than 8 houss, a hump occurs in the
dissipation factoe-freguency curve. It can also be seen that the
Impregnation time impacts the freguency point value where the
hump firat pecurs instead of the curve's hump peak value, Ar
lowe very low frequency range (< LlmHz), the response
dearmatically riges for the non-impeegnated sample.

At high emperatwres, thermal stress leads to the thermal
deterioration of insulation. Due 1o its stability at high
temperatures, the impregnation process may continae while
samples are wnder thermal stress, producing  overlapping
curves. However, in Fig. 4ib), for the samples under thermal
atress for 30 days, there is linke difference in the central part of
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the response, which is mainly influenced by the characteristics
of the il conductivity [5].

Fig. 4(c), showa the pressboards impregnated with natural
under thermal siress for 0 days, the response curves of all
samples almost completely overlap across the measurement
frequency range.
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Fig. 4. Dussipation factor of presshoards impeegrated under thermal siress
with voried impeegnation tinws.

Incorporatng the same impregnation dme with lengthening
thermal stress perieds, L Fig. S(a) show the reaponse of mon-
impregated presshoard weder thermal sweas for 30 days,
deereasing throughout the measured frequency range when
considered from the non-thermal stress response curve. The
hump's frequency point and the curve's hump peak value are
changed. The response at the very low frequency indicates
improved pressboard condition. Moreover, lower conductivity

75

Conference Proceedings of CMD 2022

of the natwral ester oil is observed in the mid-range of the
response. Then, afier 90 days of thermal stress, aging of the
cellulose and an increase of moisture content in the pressboasd
from the increase of response curve is observed when
considesed from the response curve of 30 days under thermal
SIFess.

For an impregnation time of 8 hours or more, show as Fig.
5, the responses of the samples under thermal stress for 30 days
tend to dmprove the better condition of cellulose {lower
maisture content) than non-thermal stress samples, even under
thermal gtress at 150°C, and would begin to show deterioration
after 90 days. However, 90 days under thermal stress, the
respenae curve tends to be a bener insulation condition than in
non-thermal stress sarples.
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Fig. 3. Dissipation factor of presshoands impregnated with naisal ester
ramader i fferent times of themal siress.

In Fig. 5ic) and $(h), the dizsipation factor of the
impregated pressboand was shown for 16 hours and 24 hours
of impregnation time, respectively. The 90-day  samples
response eurve imtersects with the pen-thenmal siress samples
response cueve, in the feequency range of 0.1 Hz - 10 He

W CONCLUSHRM

In this paper, the FDS of the pressboard fmpregnated with
matural ester under thermal siress 15 considened by using the
disaipation factor response curve in the log-log scale graph.
The reaponse of presboards with varfed inpregnation times
shows different responses. After undergoing the themmal soresa
process for 30 days, the pesponse of 0, 8, and 16 his
impregnation time samples showed tw be sinilar o presshoard
condition, which has 24 hrs. impregnation time. Then All
samples with similar  responses begin the deterioration
simultanecusly, which was obsicrved in the overlapping and
upward responses of samples thar went theough the: thermal
stress process for 90 dave.

76

Conference Proceedings of CMD 2022

Presshoard's electrical properties can be enhanced via
impregnation with patusal ester. However, the test nesults
indicated applving non-impregnated  presshboards inside a
transformer, the elecirical properties can also be enhanced
with time, but failure is more likely in the early stages
However, using natural ester inside the rasformer reduces
the chances of failure at high temperatunes.

ACKNOWLEDGMENT

The awthors also gratefully acknowledge all staff of
Diclectric Analytika Laboratory (DIKALab) and high voliage
laboratory  King  Mongkut's  Instiute  of  Technology
Ladkrabang for recommendations.

REFERENCE

[1] ™. Zenmeman and B Bass, “Consideration of Ester-Based (hls as
Replocements for Transformer Mineml Cil”, Parlind, 2004,

[} L L Mosier, A Guushm, E W. Westenhrink, C. Rogers, A % Vaughan,
and & . Swimgler, “Aging of hicdegradable cils s assessmenm of
theeir suitabilizy fos high woltage applicmions.” in IEEE Transactions an
Diclectrics and Eleetrical Insdatios, vol. 18, ne. 3, pp. 728-738, June
plTE

[¥] S Chekravomi, [ Dey, and B Chettegee, “Frequency Domain
Spevirascopy.” Power Sysems. Springer London, pp. 195-225, 20138,

[#) & Mu, ¥ Yang, ond 2 [ Wang, "Bifect of Moistare on Frequency
Domain Specsoscopy (FIKE} for Oil-Inpeegnaied -Faper Insulanion”
2018 [EFE 2nd Iniematicnal Conferemce on Dielecines (1013, 2018,
P-4

[5] &M. Gubmski, ). Blessow, B. Holmgren, M. Koch, A. Kuechler, B,
Bulzner, et ol., "Diglecmic Besponse Diagmeses for Transformer
Windings”, CIGRE Teckniosl Hrochurs 414 WG D101 (TF 14}, 2000,

suttonzc b iasi 12 ik win g nkding meshnbdagamdkrabang provided BiiomiNet. Downicaded on May 16,2024 a1 15:15:36 UTC rom IEEE Xpiore. Resticions apply.



7

UseIRgUeu
Fo-umana wglnduns yuiiyad
T wieu Uifin 6 1UNIAY 2542
flog 106/6 F1UAANIENTIA SNNBLiled Jamdaings 93000
Useiin1siny 2565 AenssumansUadin a1vieanssuln

anduwmaluladnszauna A satansyUs
ANUSINaNIEaY 1) mvadeugUnsallniusege
2.) MINAdDULAYIIATZINSEBNAN M IEUURLIUNSoLUas I
Uszaun1saln sy naulasNawIde
W.A. 2565 913873 Advances in Materials Science and Engineering
- Physical and chemical properties’s comparison of natural ester
and palm oil used in a distribution transformer
suUsyAvINg CMD 2022 Useinadlu
- Frequency Domain Spectroscopy of Pressboard Impregnated
with Natural Ester under Thermal Stress
WA, 2566 ulsandnnIg ISEIM 2023 Ussiadlu
- Partial Discharge Testing on MV Motor - Case Study
- The Dielectric Properties in Frequency Domain of the 22 kV

Underground Cables with Defective Joint





