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The study of electrical tree in underground cables

Mr. Kantapat Yompuk
Mr. Nopchanon Paolaor
Ms. Prapatson Chantasai
Ms. Pachara Japa

Asst.Prof.Chaichan Pothisarn
Assoc.Prof Dr.Norasage Pattanadec Advisor

ABSTRACT

This project presents the study and-experiment of electrical treeing
phenomena XLPE insulation of the 33 kV underground cable with the temperature of
50, 60, 70, 80 and 90 degree Celsius respectively. The XLPE test samples with the
thickness of 5 mm and. the diameter of 28 mm were prepared. The tungsten needle
electrode with the tip radius of 40 um was inserted vertically-into the sample to a
depth of 2 mm to localized -enhance the electric field stress in-the XLPE. The 10 kV
AC voltage was applied to the test sample under the mentioned temperature for
1 hour, 2 hours and 3 hours respectively. The test results shown that the length and
width of the-electrical tree directly depended on the sample temperature and the
time of testing. The electrical tree could be observed for the 60 degree Celsius test
sample after tested for 3 hours. Whereas, the electrical tree was found after 1 hour

testing for 90 degree Celsius test sample,
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(Repeating unit) Ingtauawasasinjnsemedwaslsieduiu ialuiuszlniaunde

| g 1 as = = L dl = f:i 2/ [ =Y
syuinvueuaesuAarMiasinJunediued Tanwedwaindsenaunisuauaiuesvila
Wendusiomun agdadulalumediues (Homopolymer) Ladhfltaualuosiaiudua 1 4in
Fuly azilulanedwes (Copolymer) Invuiinvessuswns wazauevesaslyluana
snidufimuanaudRinauuduss amu wasusssenialuanavesiagwediues dilay
daulugjaziisngarsveudulelasiaussdaldulsznaundnuasiilulasiau eandiau wio
) T " W o =i ' = = ¢ = a a d - = g M va
daad Yuogunsluvsviia Sendt arsBunid winfiviwianduansefunidaslylad
Arsusuuazlalasinuluedusznounan wu Falautadlsnddnaunazeandiaudulsynou
wan
I~ =i 5 o a a !

wadlesivamiAinleamusssuwIA (Natural polymer) Wu wlle waglaa 1Ushu

NIATIAGEN BETTNYIR LAZUUURUATIZN (Synthetic polymer) laun wanadn @ule Tui

o . a € o kg o = a
wazn Bslutlagtunedwesduaswiligninnldlurugeaunssuieunneia



2.2.1 lnsvasveiannwedines
1. lassasreszauluana wedlwedsiinainuausiuasdas uidaiumeWusy

| e

Taaudludnunizsineg FezdwmalinedmesudaziiauaudRuandreiuluaulassaiis
Taanatue deil

- wuuladu (Linear polymer) mizsgaevgsomuluanelden lasiadedeginiu
un vhldarumuuiunasgavasuivangs fidnunsiiuuaziviled fegrau PE, PVC, PS,

Nylon uag High Density PE (HDPE) tUusiu ﬁmam’[ugﬂﬁ 24

00000y
..“...
....
.U.,. ..‘..0...

JUN 2.1 weRlaleswu ey
a v a W R | Y
- WuUAd (Branched polymer) Aangiuuldsidunsazinaniubusenuainaialgvan
vinlvluanavesmedwasiuunsliansadassaialduiu anuduninianas vinliAndu
a e W | & I | a ¢ a v
wedluaiNiAuMUILNLAT Uavgaiienyavasunarazaindtweditesuuuiiadu

W | | a  aa T L <
fegray wedlefiduaruwuiitiuia (LOPE) (usiu dwanslusun 2.2

= a 3 a
U 2.2 wedwesiuuis

o 3 & a ¢l v v oaloe '
- WUUWRNYIN (Cross-Linked polymer) fia wadimasnilanalgivaunanunainia
#199 srgiusylaniaud lnemluudinzamnsadunzilalaenisidunisesnauvialuiana
| YVoa W ¢ | o a a o ' | I~ a aa
e liiiaiusylaniaudivanelduagyiignmgiias degrutdy waidu wedledidu

& v s
UULYDUU9 (XLPE) sy mLLam‘[ugUﬁ 2.3
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®
vee00 00000000,

= a o
JUN 2.3 woRlasuuuLTaNYIN

- wuulasene (Network polymer) filassasialunuuanilf wazwediuesninig
Wenvngs onndadunedwasutulaseirslamedwieanu Megrmedwasussiani
NendisTu (Epoxy resin) Musa-WesuAlenisdu (Phenol- formaldehyde resin) s

Fauandlugui 2.4

SA L ) |
sUN 2.4 wedwesuvulnsang

2. lassadawdn Juddsvenauanifnenauazlnirvadnediues wuseanidu
2 Usziam fail

- wuuedaugu (Amorphous) iaInmssaufuvslanauuuameldoliaung
g elidusuidoy Fadumsindashvsasnenilitiueuviiouturesvar welvnim

2 1 o o 1 i [=] o =
fouarhivsingavasuwaifidanu uiasaseq naneiuveanar dwanduguf 2.5

sU# 2.5 lassainuuuadugi (Amorphous)



& . i v -4 ' ' ' o
- WUURNKAN (Partially crystalline) Tasea$rawuuill azuuseenidu 2 du fe dwuf
v o« ) | | = . | o al w  a
Luianaiinsdaisesiiogeldiusadeu (Amorphous region) wazduiluanainisdnides
v W ' P , : d' v 2 | = = =
Aafuegaluszileu (Crystalline region) ieldauieuluanaludumduninezidyly

a 5o a ¢ &4 i ) ad o
ﬂﬂ']&LﬂUWﬁﬂLlJE]iul]‘] VANFDUNAIVDINDALUD ILUUNINEGN ﬁﬂWLWWﬂUQmWQMMWWIﬁINLﬁqa

o
= ar

wuuRanmeluvue waraulfnianavaswedimesazdutudsuiumiuidundnvasnediues
a a a = a ¢ al ' P - ¢
TagdalivSunaanudundnuin wedwesfaziauudunss Wosnnaznauvaiwediues
oY) o i a caial A = v [ YY) a ¢ e
annsnagdanulauinniwedwesnfivsunaanuilundnios ualumenduiunedwesnd

Usinaenudunindesfssamsodauazusuld fuandlusud 2.6

Crystéalline region

oy

amorphous region

E‘Uﬁ 2.6 \nseasawuuiwdn (Partially crystalline)

2.2.2 Usslanvoanediyes
wodleiuuseanidu 2 Useinvn munsnevausinaniuiou Taun
1. waslunarain (Thermoplastic) (Hunefimesnillassasrudunvvaneldeivde
=& a - | | ' a X o @ u - )
wuuan IdmsednesenInaelanefinesussuin M ia i snasumaimies ousnag
v od yew v & oA vad ogv 4 v e v -
o ieldfuaufounaruledinietugulndeviliiduas Tnoildviharelaseadrande

a &

Wasuwasmuautivemediuodiug aunsanduinldlalnl Suhlinedwedvindiiud
fenflunmsihduguiundndasiing wu ufh vimbmanadn aoens salludeveadwdn
BN

2. wasluafmaiafin (Thermosetting plastic) Hlassasnsuuulasetrensenwuu
ouuna (cross-linked) uianaBaduifuutiu ussamilesewireluanadegs vilvianuy
Duveauds egnviliudetamatnuds axasgunnsldannsothumasuvamiovie
Fuzulmil Tnavamedavielnsinano dutidiuit delétumnudou ilimarannuiaild

| < ay v | aaa =M el
AnuAmusdansivdsuwUaramgilias uasnudeufisenadlad



2.2.3 wedleaTdaunzi

wodluosduAszy (Synthetic  polymers) LﬂuwaﬁLuai‘ﬁwwéﬁ%ﬁaﬁu‘[maﬂ’ls
duasisraagufisenadl Tnenisnisiharsueuswessiuuuinuvitujiseadniels
annefivnzay  vildueuswednartuAniusylaneuddondefusunatsduluana
wodlesviindnag fethimedwesidunseiliuarsathandnse wanatmsad 2.1

</

a ) ' a ¢ al o ) ' a w ¢
A15799 2.1 A8 1NDALDSNAWLATIELALaLADENINARA U [2]

U ae. Honodlues Y 1aNARITUN
1909  [Wludnis¥u (Phenolic resin) awausuaslw yilslnsdwi
1927  |W3% (Polyvinyl chloride) \derfurlu viovh
1936  |ozAsan (Acrylic) 18 @uvaon Aweanasadldsingg
1938  [luaau (Polyamide) m‘%aa‘ujaﬁm Fon awulueiosdnd
1938  |weddlniu (Polystyrene) augldeIs gunsnin
1942 |wedloanas (Polyesters) a3 wanaangosaauld Yanldudaia
1942 = [wadlediau (Polyethylene) s 9
1943 |@@lAy (Silicone) deraulugowes
1947 |13%u (Epoxy resin) iSesile gUnsalfideesnsngauymIg N1
1954 (wedesinu (Polyurethane) Iuiunszunn
1957  |weawsanau (Polypropylene) wmm‘uw% 3R
1957  wedrtsuaiun (Polycarbonate) - [duussnavluiniaaldluda
1964 [lepausiugs (lonomer) annadaw
alsunfin wodloawwas
1974 Um PET
(Aromatic polyester e.g. :PET)
1985  [wodAlau (Polyketone) druusynauluedosus
1985  |Liquid crystalline polymers oLEnNa LCD

2.3 puanUAN9NaveIagwaiues [1],[3]

e ianmedwesluldnulusuuuusia 4 forvesifausnaeusninnssyderiy
Jaquedwesfasuanimginssumsnasenun 3eni1 auaudinisna Saazusznause
wWIsmeinianasneg laun Auulusds mauudausdn amruudusinisd uazlugda

< ] — a [ 1 :‘f kY 2/
AmMBAnEY (Modulus of elasticity) ngwisiwesivantasnildainnsmageuusaau
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ANUATER BeRaantavanadiulvg danuliveaumall demsidugy uassssuvanaail

a v o | | o = v o a & da o v
VDIFILLINADH NIDYNLYU 'LuﬁﬂTQPJV]ﬂ@ﬂﬂ‘ﬁLﬁ]U mmaxmﬂauw% LASHENIIENUUN L“ﬂumu

a = Y a ‘ | | wa < | =2 =
ﬂaiﬂﬂ’]iLﬂﬂﬂ"liLaUEUwa\j’JﬂﬂwaaLN@EQSﬁQNﬁWQﬂQJUW‘V]'Nﬂﬁ ‘Uﬂﬂzﬂﬂ'nﬂﬂﬂ'ﬁlaﬂazjﬂ

YA TUUUN

'
=

a8 | @ LY 3 a
QNﬂﬂQﬁﬁ@NﬁﬂUﬂmﬂﬂUmﬁﬂ'}ﬁﬂa MAasATTULLUILLT Iﬂﬁ]ﬂﬂiaﬂ@m:ﬁ

- a v W a - o P & wa
VINNANYUNHUNDIVDIIAAWDALUDIYUARNI LLEAAIAINTITINN 2.2 uananu AANUANIING

= [3 =i 1 dl a é o Q‘ dy 1 L5 = L3
‘LIEN'W@E!LiJ’e]iﬂ]%ﬂJﬂ'l'llJl’}maﬂW'iLUﬁEJULLUaGEl]‘m‘WﬂulI LR MUWNANLNWLTU FZWUINIAANDALNDT

%ﬁm’lmmwﬁaﬁaLLameuQﬁammﬁwejuamm LARNUMLEIZALNINTY

AT 2.2 ANENYUENNNATIIV

U

nivinsuesiannediues (4]

9

AN N@@ﬁﬁLL‘NﬁQ mmmu‘:aﬁa AUNU mm’ﬂm
a0 8299wy | [GPa(ks) ] | I'MPatks)] | W34ATIN | UdEUANYN
[MPa (ksi) ] (%)

wodloRauANL 0.917- 0.17-0.28 8.3-31.4 9.0-14.5 100-650

WML 0.932 (25-41) (1.2-4.55) (4e3:2.1)

wadleiauA 0.952- 1.06-1.09 22:1-31.0 26.2-33.1 10-1200

MUY 0.965 (155-158) (3.2-4.5) (3.8-4.8)

wodllamaalss | 1.30-1.58 2.4-4.1 40.7-51.7 40.7-44.8 40-80
(350-600) (5.9-7.5) (5.9-6.5)

woddlniu 1.08=1.05 | 2.28-3.28 35.9-51.7 - 1.2-2.5
(330-475) (5.2-7.5)

luaou 6,6 71319 S\ \&58/3.30 75.9-94.5 44.8-82.8 15-300
(230-550) (11:0-13.7) (6.5412)

WodAnsanau 0.90-0.91 1.14-1.55 31-41.4 31.0-37.2 | 100-600
(165-225) (4.5-6.0) (4.5-5.4)

Wuaa 1.24-1.32 | 2.76-6.83 34.5-62.1 - 1.5-2.0

Wasuiadlen (400-700) (5.0-9.0)

wodleanos 1.29-1.40 2.8-4.1 48.3-72.4 59.3 30-300
(400-600) (7.0-10.5) (8.6)

wadnsusium 1.20 2.38 62.8-72.4 62.1 110-150

(345) (9.1-10.5) (9.0)




1.1

2.3.1 AsEUIUMSASIARRAN NMsvaeuval wasmadguaniwadneauidnugu

mswaguuvasaudinanaveamedimesazinnuladeguugiifiudsunlasegiann
Tnsnsidsunamisaudnuugmeanudounasninavesagesduan Ynngmsains
\AandAn nswasumal wasmsasuaniwadneuiangy audidu Fanisiiaudnidu
nssvIuNsIaEeshvedluanastaussfouvasigniavesuds funandunounisibudh
Mnnmsmsuasumad uazinianlisuanudou fshliAnnsuasumandnads dawnns
Waguanmadeuiavguaziintuiagwedmesuuulifusundn wdsmnnsibuiaan
nsvasumal sxflantunurewds dnasilaseadreluanaifinisdniFosedialidy
sullsuduiisafunisuasuwen Tnsfiguandimanenmudmaaiaviininudsuwag
AANSTUILMSAREN suasMMaT LaynsilAsudnmadnauiaBavey

1. maifine@n (Crystallization) Aszurumsiazifalunedwesvianinisvasuivial

3
=t

ﬁiﬁWﬁﬂ%”Lﬂﬂ‘Uum‘\mLﬁMLﬂﬂNﬁﬂ (Nucleation) LLau‘ﬂuLﬂﬁﬂﬁi‘UEJ'IFJWJ‘UENNﬁﬂ‘UULSE]EJ‘] SN

Lol ad s i

NIEUIUNISIALLN (Growth  Process) LmaaamwaaLuaswumawuuamwﬂuwmn’namvmu

u .

w
=

msuaouwal IFuAnrteftuius uEng nnduluanailidussidvussGutes
Moudussiley Tumemsaiud faamglinvenmgiinasuivel ssiiansduvesenay
MneuuiinAY ilgasuiandnldatios waslognmgiianaeisiiagasuinium
8nass Beynamlsindasinsiiandinvdutuanmgidlilunsyuiunts
2. WansoAnenssuunsifiesdnlalagnsiiavdauni siiaednund oans v
l o a e a e O 9 E
Ardenvediagamaiiasi F1znszuiunsiiardnaverduliadlluituiieafunisivaoy
aonuziluvesds luamnduadudinsiiandnuamediesaysalfotay 100 shuduly
v 1l | = " w = = & da Y a =t <
Ll usrmvd Ry 1 inasiivandusui 2.7 Ju Aferssiunsifnadngand
v | < v v o a e = "\ w a
Iosewimsmageuiilosinigniaveavaliuipmandniuiunesiunaniaiu TasuSunm
= o a o u Yo &l a | o
vawdnfiindulunssurunis szaunsoinlianmswdsuivasliuasvesdiuiiun
| Y a = ) A a & v Y - =
VAU AIUDATINTINANANIEIAN W YANUNISLNAKNENIDEAE 50 UASDNIINITINANANUIL
Juivgumaiinisifiowdn dauansguil 2.7 uenaindaziiuindnsinaifinndnazuusunduiu

luanaveshdnee
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1.0

0.8 [~ =
o - —
N
E 0.6 [ ]
E = 140°C 150°C 160°C "‘
s 04 =~
5 L |
w

0.2 — —

0.0 2 Ia |a

10 10 Time (min) - i

(Logarithmic scale)

a |l

JUN 2.7 nsmliAvdunaniueifontadiaives wedlwidu figamaiianee (4]

3. N1SVARUMAI (Melting) NIzuiunlIsRaBMaIYRNaNNeRINeS ffe N5
WasuwasaniurannvedsiiilasaiieveduionafiGessadusadey Tuduvosvania
(Viscous liquid). Bsillassasrsluanailafussidoy iasfnaautRaudumunislvalu
A3TLDY Iman'ﬁxmumiﬁ%Lﬁﬂﬁmﬁaqquﬁmnndwqquﬁmwaaumm (Melting
Temperature; ~T,,7) Tmaﬁ'mwaaumawaﬁa@waamas’%uﬂsmué’mswqquiﬁlﬁwﬁu

nanAemgasINTinLTa Rt aavglnIIvaBNmMAYaIwed e ShaggennTunuly

=l

MY TeTANNOALNE S ILABUALSINBNIEUIUNISN AN DUIANMSIAAN S ABuLU A

Tnssadauavaufveyian (u msevdaudumsiiarudeutiviagoumniininingnmnd
n1suasmal uAfaansavilfanimgiion snemua L auls wiaslinefiuesvuaiu
Souldigaduld uanvniianneauesidanumslassadandniinfy asiliildnvasns
viaBumAITIFaTde

4. mswAsuanmedeiraBamey (Glass transition) AszuLNTHIzARTINNTEY
faswestagnadieinnanuzvosmvaniuveauds udliiadusundn FaaziAnaniyly
wodlwefvinedugiu dudslutwiidnsifuimestan aeldluanaliannsodniiosil
Wusadouludnsuzawddld uazariianuniaiuiuiesq sudesq Wasuanveamard
fnnunilnadrseruaznarsiduvosudslufign Inogumgiivilinedwesivasuanin
FINET7 L%'Uﬂiﬂ’qm‘wQﬁmim?ﬁlﬂuamwmﬁwLLﬁ?Lﬂuﬁiju (Glass transition Temperature;
T Tumandufiu minYaguedweslésuamnuieuiimnnnienmgisndn fagvinlhaans

o = i Y oA C MY W
WasuanuganvewddlliluanmedraudaBanguliaduiu
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& = o w |

e = a o o ﬂld as
lumsldnuiagwedimes asdidudsdrdgymgungindulaininuunasanvesian

[ ]

A o % v a & v v 4 a
Vlﬁ]zﬂ’muﬂm‘ﬂ‘tl\‘l’m lﬂLLﬂ Qm“ﬂuuﬂqiLﬂaUua.ﬂ’]WﬂaqEJLLTT]LUUB@‘WUU BUNUNADULNAN

 ; L] U

' 2
1 =

= El @/ 5/ =l = a O aa a
LEZYUNHNUNIINGDN wazildsuanmadeunindulanegu TIUGTURUNAUNITDIVCUBNTNG

3

s

1n Tnslawzfunedweduuuisndn uenenidslidnsdenssurutiuguveswodiues uay
TanUsznaunwediesdnaie

aumgivasuval uarnmsilasuaninussnediwesasiisnsiauiAedfuan
w1in TnenismdenuSuinsdinig (Specific Volume) Fufudiundurasrinavuiuiiu
Weutugamgisuandlusuil 2.8 Tnansm A waz C (HuweBiweslassaiedugu uasuuy
wanauddy dmiuiaamedwesilasaisuuundnazinmaudsunaniassimz
wuvliisiowllesfigumgiivassan T,  drunsmvosianedugiuinisidsunlas o
seilwsiimsanaswesmiutuiigumnd T, lneneduesuuuudnsnuiinginssuns
vaouman T, wagnaiasuaniw T, fuduauthivasigniandn uasaduguauady sl
weinssuluguil 28 Tusgfusnaantnbudaviosnsanisiaauiou lumsni 23 uans
Aadnyuzsatanwedmeiimngdwmiuibuauiuvesareimdaliii uaglumsei 2.4

| a < a a
LLﬁWGﬂ’]QEUWQlJﬂ']‘Eﬂa@MLMEI’JLlﬁﬁﬂ’]‘iL‘UaEJUﬁﬂ"IW‘UENWEJaLJJE]{UN’UNW

Liquid

Taowediuas
A< Tassadredugiu

Glass
© i
g i
[0} TANWDALND I
E ! R AN
= I ASIATIRINEN
2 Specific Volume
[0 |
IS I
w
Crystalline Solid Tanwefiued
.

TAsIES1UUUKEN

T

I
| I
| I
| 1
| |
| |
| |
I I

Temperature

a e

d = i ol = € |\ e u
JUN 2.8 Usumsviwizvesiagwoiimesneenmunil Anaudiuarnsinaeulan (4]
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= 9 W a cal o w quw a
A19190 2.3 Audnvuzvesiagwedwesvunzdmiuldiluauuesaeiadalwii [3]

Va0 XLPE PE PVC 819 89 EP | 879 CR
Butyl

AYUANT NN 092 | 092 | 12-15| 14-15 | 1.3-1.4 | 1.4-1.6
(Specific Gravity)
AuAImUaUIUln 50 30-50 | 20-35 | 20-30 | 30-45 | 15-25
(Dielectric Strength:
kV/mm)
ANAUATUNIUYS LIRS 1018 L duidi | 1.612 1,015 1,015 | 107-12
(Volume Resistivity : ohm)
Amavetladianna3n 25 2.3 5-9 4-5 4-5 7-10
(Dielectric Constant)
srusenaudalni 0,03 ‘| 0.03 | 412 1-3 1-2 >10
(Power Factor :%)
AUAIUMUUSIA LORN S &P ' PP ood-O) | 4R8P | 1.2-20
(Tensile Streneth :kg/mmz) Ak
paumgigednunizldnu ¢0) 90 L ol o A 80 90 75
AR LN NG NG E NG NG E
(Flame Resistivity)
MswasugUanATou F G G G F G
(Heat Deformation)
AN uMUlalyl r F =t F F G
(Ozone Resistivity)
ANASYIUADANTWDINA G G F F F F
(Weather proof)
AN E E F NG NG G

(Oil Resistivity)

a =
LD E :uvanitey

F o
G: wald

NG : Tawunzunnsunluldanu
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< a o ) a '3
A1 2.4 QUUHINISIUAEUANTN T, Ly T, U9NAWOELIDS (3]

179 qmwgﬁmimﬁﬂuamw gun N1 INABIUMA?

AfBumEanEy (°C) (°C)
wodlefaunuuidaueina (XLPE) -125 110
WORLDNAUATILVL LGN -110 115
wadwmszvlgeelsionidu 97 327
wodleNauAMUIILILEGS -90 137
WOANTONAU -18 175
luasu 57 265
wodledmes (PET) 69 265
W 87 212
woddlnsu 100 240

2.4 wadwiiau (Polyethylene) [3]

- =l a 3 = - . A
wodlefidu (Polyethylene; PE) iunodiuaviinivesluwandin (Thermo plastic)
| =la © ar 1 v ! - dJ

wuaglUluiinUsgdntu kavannsanuiviuedenandensnnImaIERnUsEIAnoug

= a | ol =~ wade w A A 1
LUBNATNNARINE LLamm',}’liJLﬁﬁEJ'iQ& uﬂmauUmwaqﬂﬂJ‘)ﬂ@ Mﬂ’«munﬂﬁﬂq ﬁﬂ?qﬂwquuma%i\i

-

= o ot =l ) 5 “ =
Asunans annsotuauulnihig wasdanuamunednznisldaunseldgamafiund

= vl @ a ool ) ) A o @ 9 o e 1 v ol
ﬂﬂi@uﬂq'ﬁwwquaﬂLawau’LWLﬂujaﬂQuqucuaﬁﬁqﬂLﬂLU'ﬁﬂ']%'ﬁU‘L'EN']UWNﬂ’J"IﬂJﬁEJQ [AMPURIPMEN

'
I =

wnudumgla uazileaunuaniugnegu ddlunzundwediendusyhiazataludi

azanelag udiimngm)dgend) 70°¢ xsuiamsvasavay fodNomAniueian

Y

o e I

wodlefdunulaluTinUsed Ty Wy Yudrusovud ganarafn vieuassisleiaaldly

avudeu aunvuas W meada iludy venaind aaauUivisnavesiagwediofiduid

v -

JuegiiuasAusznausieg vedmana ldua lassadweawdn vouiwn Aruevesasly

@ L2

wofiwes uazuminluana Tulgtulaguedieiduildnuaunsonveeniy 3 Usuan

De
b

9
1. waﬁmﬁﬁummwmwugd (High density polyethylene; HDPE)
wollefiau ¥ia HOPE Hlassademaminidufsiiuaivdey Jeliusefisgnszning
Tuanarullfsaumuuiuaeudiegs Sanuudanss $8v1i9u wazlusauas amnsmi
navswaeuldlwdla HOPE numuseansiadl uaviinasanevanesin Favunedmdutun
o s € 1 [} : - 3 1 = o =5 e‘.} 1 ¢
WusIiueiangg Wy nmhay vewaniau wsedddlutiu awiulwih wiedudiugunsal

a A v W v &
Tnsth HOPE fimsasmmadydnuallunisld Recycle Ao wineiaw 2
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2. wodleRAuanumuLLe (Low density polyethylene; LDPE)

Hulndiefidunrumunuum deumisuasdavguldd danuemudenisuan 3
A undaussmumulioondt HOPE nuansiediléd nugnmaiigeds 95 °C Tutheduqld Bu
vaouffigaumgll 120 °C uazyunranduldds -50 °C LDPE Hdwm anwagyu TWsauas I
ammioanasdandu JumnedmSundauiuiidusiieg quiu auwiumeln aoeda
{Justu LDOPE fiedesmnedydnuallunisld Recycle Aovanetas 4

3. woRlofidudadunumunuiug (Linear low-density polyethylene; LLDPE)

LLOPE Juwediofifununuiuindudu auandAvzeginatsening LOPE uaw
HDPE usiasiiuuaziniloandy LDPE way HDPE-mauaussnisldnumansuszian Wy suilda
U NUiUUY waznumlmuy DeauUssuduildads 65% oy flduva (Shrink
film) qaussqAsesiidmidngs waziingnlinuiiaampfisng Wy vasgemnsutuds

dmsuluanaromedieffumisainnsrurumsneawasisedu Julunseuaunisiia
wodlweinnmsnuiizenlouoiaeiue aUssnaulefiduiitisvuvuvedulana A CH,
30 CH,=CH, Insluansuamedioduayadlus uesanelsluanaiivssnaudon vouswes

Y99S UUNTey ol Laztauawasuadlalasiaude ooy Aiandlugun 2.9

H H /P HHHHHHMHH
\ e Polymerization ISP = B 1 )
C=C > O~CHOCC-G-0—-C~-C
/7 N % 17 AN oW O J§y 1 | -5
H H HHHHHHMHH
Ethylene Polyethylene

JUN 2.9 lassainuesnediaviduanluianaofidy [3]

a ]

wodlefiduusavalingnirlvldvulusuvuiupasisniuldetuanuimuizan uay
&

o e i I a = ool da o Lo = |
Yuagiuamudesnsvesly tnddawadienaunlsuhlvldiduawiuvesasmdalunsds

U

o as

Fnemaslnin Aevedlefiduluuilionane (Cross-linked polyethylene; XLPE)
2.4.1 nsidezUvenedienau (Polyethylene deformation)
a = ) a a ¢ a o ldg ot = % % = v
wodlefiduulagnadiwesviianluiivauuuiawdn (Semi-crystalline) wazil Taseadng
wuuailozlasi (Spherulite) Auandluguil 2.10 wazvaneq aiflegles duansluguil 2.11
= I = ' 17 . i & o =l
Fawdavalezlaviusznaudy Chain-folded ribbon w3eatuaans (Lamellar) $1urusnnd

o

woanaINgaianans Tngnsdneaivesanuaarsuansiaguil 2.12 audeuselgidon (Tie

chain) suvinnvesedugudnfeuinuduuenangaiduatuaaniiuies



e
250 pm—¥

¥

—

folded crystalline
Tie molecule
surface Amorphous
material
LLUN
o Y
-

d =l v = I3
JUN 2.12 nmuansseazidenvadasiainaileslad [10]

17
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= = a ¢ a o =
JUM 2.13 udnenszuaunnsidesuveswediuasvilanangn [11]

nvvunnsidsguvemedionan Wunsdeguanntsdeeameduosuuuiwan lng
Aennufitensewigduansaats wazunatiduedygiu fansruaunatommosudady
vanedumeu Fuandluguil 2,13 AaulFunsguiuniadyy lassasisnfen ugnuneis
MiwamiTuusuresyaiuUIuedNg et aans uanslusuil 213 (n) iieisu
Wansdaguduandugui 213 @) dansdroonanfuresanuas i tueuuasuiion
ofug uaznsidegulutuimn snfansdeswesminaaniaswalik Fold- chain 1ianns
Seadluninyewssfiniantlugui 213 @) 9anduriiaagesendnazusneansn
anuaasiludoun widallei@eu (Tie  chain)  (douiuoy | Feuandluzuil 213 (1) Tudy
gaviheyandnuaz Tie chain, 3vdni3uailufersifeafuiuiuiusan fatandlusuil 2.13
(@) luszwinnssuauntsdosy auiamswAsunlasnudneuznanatomediofitu iy
Jeanunsauiinamudsusslimediuasuuiiswdnle ansdenvaliunluianaes
ooty Fansruaumsdennssiimaadeuivssasldlnanadululfenniu duwa

Tvnediuasinuwdusaunau



19

2.5 lassasnauazianvasaieiaila [3]

anaidausagedruluglagnesnuuuniiieliitedenisldau wazvliiinninu

'
1 =]

Uniedolumsdeiiendanulii lunseanuuvaneadanusofnauiilagiuazdnsly
I =l o L] ! I = L ol & o
Aosdinisiasuwlasnnivitlvg udasiinisuiudsdduoswesengnsldauy msaunuves
Tanaurielnig wasnssuiunswdadivatevaty Tugui 2.14 azuanslassainslagiily
a va - o v o < v W o |
vosagiadaussgaldiuauiu XLPE fivsenauluie dath nestestuiii auiu indes

Uosu inasdonndaviainioslesiulave insosieviu Separator tape waviudenuen

/—Conductor shield

/. /~Insulation

7 r~ Insulation shield

/-~ Separator tape
.

L Conductor /
(@

able screen
1".
 Jacket

sUT 2.14 lassasiwinluussansiaidalifu [10]

1. falww (Conductor)

sl Aa Aag e sogeuldnseudlninluanou lide wiatanidniuiuniu

9

a a o a

l'; H:/ = “ oo -] d‘ o qu v es = a
i Inemluaziagldanihlwifvihiiannnasnaiazeaiitoy wanvauldtuannfasung

L'

unanegiliddey wnzileiisudisulunsdnszuavifiuias ahivhanosglidouesdl

WIMUNLU AL SIAN

13 =l

gndihiiinnedns eglsiaiy nesunslraeEntidiliihuazanufouini

[
e

gy defuayldaednimesunifidutrqudnarinniraivegalifionfiosossuns

©

1 1 -J ! oW v o & k' =i b < @ o d o =
ANNTUNTELAVENINU EﬁﬂF]’Ju’]IﬂEJWﬁULLﬁ'E“UBQJIﬂiGﬁi’NLUUE{’WEJG]']U”ILQEJ’WIUEU'J INad 199

193 (Round or oval conductor single strand) fuAeanals (Hallow conductor) ane

@/ o al =

FIUIRLNAEILUUTITUAT (Strand round conductor) #3auuusn (Profile wire conductor)

2
o T o & a  oa = ] v o

%wﬂwmmammﬂﬂummu sUT19v0907U

Y

< 4 v W P | |
muJa&mmﬂ‘mmmmﬂamﬂuamaaumwyﬂx’ma

¢

andoe19szninaiiindng Mhanfndersuiuls lunsindereiassyindududnuuds

16 udrvszneufuiuludduvudnuug (Segmental conductor) eanaawgmas
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Q’J a 1 =Y (% o nJ . LY ]
Tagylarsadasnaudseenluaeiadasiiiies (Single-core cable) uSafuuy
3 wnU (Three—core cable)

ey o o o o a = dq 1 s Vs
FINAUTUUAVDINIUIND LA HASAIUIDALLUDNNNATIUUANATINU anmmagﬂlmm

< -
1IN 2.5 LaEA1519 2.6

M15199 2.5 WSeuiisuRudnunzromoun (Cu) wazeaiilley (A)

AnANUR Cu Al
o - e v ow Y
AN (NuRmndawiniu) 1 0.6
WUNWFA (PNUEIUNIULVINILY) 1 1.66
Wusmugnans (AuUsUmAUNGY) 1 1.29
Yrmiln (RuAvundmmiinu) 1 0.3
UITN (ANUAIUNIUINL) 1 0.5

=l wa a
A15199 2.6 AuFLURYDIMBINA (Cu) uavagiliius (Al)

AnaLUR Cu Al
A AN (%IACS) 100 61
Anasunleing 20°C (Q.m) 1726%10° | 2803 x 10°
FulsyAvsnnsuersibewinenuday (1/°0) 1.70 x 10° 23x 10"
yaviaauvan (°0) 1083 659
ALtALSeu (W/emeC) — 38 2.4
AVIIVIINILT 20 °C (g/cm’) 8.89 27

2. instlaafiusini1 (Conductor shield)

Duduansiasain (Semiconducting screen, Semiconducting shield w38 semicon)
\wdeveguuiiivedinh vhuthilanaaaneienaunlniiseninssesdevasiathiuauiy
TnemumuliliiAndesinemassnindusosdesenan destulilifnnishawfaunsdau
uenaniudtumsiadhastemuauaulvihmeludosunliiamaiiarounty

v o d

) o a v o 9] o a ¢
mﬂLLaﬂ\{LUEU‘VI 2.14 ansiAvua XLPE Lﬂjuau'J"llf\]g‘[s'ﬂtﬂs‘ﬂqﬂa\‘lﬂumqqumqﬂqﬂqﬂWaﬂLﬂJai

d‘ v o i i & A 3 =3 C ] & @/
d1309610U1 (Semiconducting polymer) &adlaiunanvaIAITuaLLUaANnIoN LI Uundn
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Yinuvesansueuiudnlunediwesonidudmmuauaiuihlvives wedesansisii
w3nsdesiudinhaldtuasiadanifdaussduldnuminndt 2 kv Jegduniesdeaiy

fuuuiEgun (Super smooth conductor screen) Tagnwamnuwaztunldau eyl

AnantARnIATosdasiuinihuuuy
3. a7 (Insulation)
aumuvesaeaidalugadududuawiunszauiiiunisquvieguatiuman (Fluid -

impregnated paper) Zsgnitauiuaslénunndunainifesduds gunglivesauruding

2
=

flovhamuluifinussunm 80-90 °C fimnaufetioas autulssanifdamiieasznns

o
i A

WWennuAe n1sndasnagiizaiuiindusidesiuimda Wian1sinnsounseseuLen

(Crack) ylauguansadududwaluauiunszatuls [udaunglilinaauianses
(fault)  Ju Yaglauadaawrunssmulaiuauiutseas iWosnngauliauldlady

a4 [
=l = =i

7 & o o @ a a ' a <l v
ANTNLLIREBDUUINUYU 'i?ﬂm\jﬂ']f]llgﬂlLHFJ‘V]Lﬂ'ﬂ‘UUﬂULﬂLua%umquaﬂﬂ?qLﬂLUﬁmELsUQUQULLUU

AL R)

a ¢ A v 2 a Y a R
Waallag uaﬂ"i]']ﬂuLLﬁ'Jﬂ'ﬁ‘?ﬂﬂlﬂLTJEJ'J’U']OJLQW']L’U-WU?ﬂULﬂLUﬁQu’DUﬂi%@'I‘H V]'ﬂ‘mﬂ?l“ﬂﬁ]"rﬂlu

2
s o

nsfinds guavassinwiisiangs auruuieildmulutiogdu Tdun Polyethylene  (PE),
Crosslink - polyethylene (XLPE), Ua Water tree retardant cross-linked polyethylene
(WTR - XLPE) Towit PE aninsalderudigamailiiiu 75 °c Telimnyaudiaglldo
wuiaLaRuIuRTE AN aenns T PE  Siaaudfnesludestswmudiumusiontsidn
sessesuuRaesanluil (Electrical  tracking resistance) Feanfiuanmguenisiin
Raysaursdlusuanvesnsldinuaiau PE Sanstnaniiunaldouau XLPE dsanunse
Womuwmiuanzunildifienma 90 °C uasiiannzdnnasidnaangiaeant 250 C

XLPE fanuwanzauiiazlduauiunpsaionidassdunsaausiang 600 V — 500 kV ua

st ulsfimumsldnuauiu XLPE enaudgivtiamslih Fslutlgtuldfinnsfaunauiy
XLPE flansnsnandgmmginssunisida sulith Wlussiunisfeauauuuy WTR - XLPE
Faadrouuviaithesiiunumgdusuian Flunsed 27 asuaninaauifvesausu
PVC uag XLPE @151991 2.8 Wwaman21amunauay Cross-linked polyethylene (XLPE) uag

@

A5 2.9 uansgnmilinihgsandviuauiunausiianieg aunnsgiu IEC 605002-2
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3197 2.7 AruasBivesauIu PVC uay XLPE muuasgIu IEC 605002-2

AaANUR PVC XLPE
Wingaunniagasvnzldan (°C) 70 90
WnguM)lgegauneaniens (°C) 120 250
ArrsiilaBidnedn 6 2.4
ALMLLLY (g/cm) 1.4 0.92
ANNYIAUTU (cal/cm.sec °C) 35 8
AYAUFIUYIURBLTIRA (ke/mm) 2.5 3

AT 2.8 ATWMIANAY Cross-tinked polyethylene (XLPE) muumsg1u IEC 605002-2

Nominal cross Nominal thickness of insutation at rated voltage Uy/U (U,,)
sectional area | 3.6/6(7.2) 6/10(12) 8.7/15(17.5)- | ~12/20(24) *| . 18/30 (36)
of conductor |~ kV (mm) kV (mm) KV (mm) kV (mm) kV (mm)
(mm?)
10 i S / v - -
16 28 3.4 - - -
25 25 34 4.5 - -
35 2.5 3.4 4.5 5.5 -
50-185 2.5 3.4 4.5 5.5 8.0
240 2.6 3.4 4.5 of 8.0
300 238 3.4 4.5 55 8.0
400 3.0 3.4 4.5 5.5 8.0
500-1600 32 3.4 4.5 5.5 8.0
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s

A13199 2.9 gruupiidmheagad mivauiunauiing 13 auansgIu IEC 605002-2

gaunilgagavasdiin °C

AUIUNFL Normal Short-circuit

Operation (<5 )

Polyvinyl chloride (PVC/B)

uitntiasih >300 mm’ 70 160
Nuiwidingon <300 mm’ 70 140
Cross-linked polyethylene (XLPE) 90 250
Ethylene propylene rubber(EPR 1taz HEPR) 90 250

4. \w3oetiaafuauIu-(nsulation shield)

unndanuilangaduivieiadeciudth waydvimiiaaneiy fie sxtleady

hilviAndesinsgninauinduniosdasiuala sauitrupumaitasonauanlilag

u

./ 1 &

o \ 0% P o W =S = @ ] =
meluadavingy diewnsesdesiuipilalagnaieatning irissosiuauiusiniinnios

v @ o = wa da v e v oA A W Al W
Unsiuiid wenvniefinuastinniwihdduddsdesiafiosnmmnsnnufoudnsndiey

dl - é s
5. iasealaaAdansewnsestdediulany (Cable screen, Metal sheaths)

iwsesdosfiumdarinnainvesuns neda niesainien o1aliuain oy wiauaen
vy agfudnmaninTostostuatau Inindrasdensidiasestosiumida vinld
dndluiisesosiuawiudifindilunsdegiate \nisatiosfuimilanssindostiosiu
Tanziu v‘fmﬁwﬁm.flum«ﬁumzLLa"m%anzq (Capacitive charging current) 1nsziLd
HAWso (Fault current). w3enseualiauuing (Unbalance current)” vesansiaidaszuy
3 waasdu uazvihuihideedusupsisarnmsdudaaoiaidaoddllsile Jestunutu
wsndudnltluidenuu saflgwimsiensevainanmwandes wazdsiraUaanulymi
menaiinannisimseansimfadndis areiadaaurunsemwiniiorlddadlusuaen
nrAn luvasfianaiadaauiu XLPE sgldanvosuniuasiumuiemunouadni e
ANANYIYAINAINTIANAMUABLSIN1NA AnyazUs1svouadastasiulanyaniy
wuumagne (Corrugate)

6. Lﬂ%@ﬁﬁaﬁu (Outer covering #38 Over sheaths)
[ o 1w . . s a ow a a
Wwnsawievulany (Metallic armoring) Tdfvanaiadanisissnisiindnaiuaiuise
o d o - i A = 4‘; b o 1
Tunrstestumanailiasnnusmiena arudunieauaseaiegianafiaiuls snfegs

| a i W [y o oA ¥ a W v o W a o <
Wu anewdanldlaneaarldsunsesudainimeiadnie nsltesestestuadaridu
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Uasnogiifivuiosetradeandalifivime sssniuiivededldiedosiaiulanedndunds e
Paetlesfunansynunisnaidiusnniu sanidaeuntomanisinniauninanmzwizdeudn
old

7. Separator tape

pnvhandmie Polyester tape (Wu Mayer) Suthiitesfudsinnfiasiiasdoanin
auau wardiulany vennduesaedesiorulanyliuy uasdwliialonierulany
viandeslosiuaialifinfudenuen Uacket) vililiiinsesfisnuluveaudonuen

8. Waenuen (Jacket)

Wuduuengavesmeinida viuthiidestumsna madend mutuvonisiandey
diaswnanmuandsy Waenuens avinunain PVC, Chlorosulfonated PE, PE, LLDPE,
MDPE,HDPE w3oluaou wﬁuﬁﬂiaaimwi"\uﬂ%‘mﬁaﬁur"f‘uLﬂﬁanuﬂnmwmﬁm Super -
absorbent polymer asly v iiiunioslotestuivmsenndusntunils nslé
numeiadaludnmwandaufinanaadudy vinaaiihdiesg Wisnueniildersesdy
Uszianansnaf (Semiconducting ~ jacket)  wialuifonnazlfipiosvioviatsieiai
(Serniconductive over sheath) taefils nistdenldTanunvinddenuen itz auazaels

p1gmsldiuvesmdagniu

2.6 Jundun1suanagiala [3]
lunsnananslaliaussgeluavitunoun s va A TuRauLasduTaY Yl
anugIndglunsainagfuegniumsldamvesaiawmitanu] wu wadalddu wmdany

Anuseu iaarungy 1Wumi Weaniluundsvaduadandaviuwuunedieiduiitu

i 2
=l s @

= oo a a a = =
WesanlulagiudanudaulunswdneidalutauauXLPE Gansuaniasidunaund

) & w <
viaviue 4 Juneudsuanalugun 2.15

Y - M - M - YUNDUNTT
Tungunsuan | _, | tunsunisudia | | dumeunisudn | N
s o < ¢
At WA LAUNANY BERGHTRI!
ARIATN

o L & ”
3UN 2.15 TumaumsHanseala
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2.6.1 TumaunITNAnsL N

) & a o w A @ o ' a o w [
TutupouilfoldudsdrfyetndanszaniiiiludiundrAgaesszuunisdedng

& - o a w o v | - T ]
Tl wszaviunsdenldtanlunisudadtlwingy sstiedinanuindetiouasainy

Aualunsidau sanendaldauiulaemluesionldnounadusui

9

o
o 1 -

dnfutuneunisnaniainiu avaialaensiuduneaundlunasuaratsfegnmyi
f1 1150 °C udwhbiluduitvuanis uddeiludiedodaduioanvuinveaduniiy
Audnansesaenasunsliliniuauaiidomts mnduiahlveudeliduaianosunsd
muBangu ntuiainduaianesunsiiiunisiauazousnvhnisiindeaialmdusdmn

Iihaldluagl Tnessdugulilanumnasgrudidmual

v -

JURBUNSHARLNUNAINTUTURnaUTd AU iamlunTseds 1iosanlunisudaununans

Lo

UesinanoA1Useans aInnarA1A1 U0 00871401N WNUNAIVRIANLALTAY

[

Usenounle sl fdedant auiu wSestiasnuauiu Seldunauianun 3 dunaunall

& o o o
nstugUansn1Ueng
fth aunu uazans — | mMiauweieanlaiuay | —a- fndnansusznauitlal
Andsauau msaulaul lugen
& v o |
n15UugyY 3 1 ARG 15 Degassing

2/
Qs

5UN 2.16 Tunaun) swindualwih

3 1%
= o

v E w v 1w o i a °
1. msPugd 3 du Wumsiueseslasduaualiunidilniiseg Tnesuusnazl
iawedweddnne uazansiadiaiinihuidiginsesdaialunecdndss Insidanediuesi
° ] o a A W | ot 1% d'
dnnldaggnuasuasaigigmgiias wasdudeieansnyuiuainnuiouas Wegnvasy
v - W d o & aw a a o
avawaunuaLmgniudnguanensruenvadiaiaswnduiy lngazlifinsesdeanyusnusodan
< ~ v a ¢ < = Iala A -
Walunneenly ielvnediuesnuasuazateiauatoinvesawiu wazliddudevun
g1vavdwmanonsiluauanlniild
< o & | o Y v v a da
2. mseNvINe gvindunseuiunisaenn laevivndsainnisildaraiadand
& o & 1 = wa a o v
wnunans 3 Juudd Taetuseudilunsiudsunnanifvemedinesivy Tnslunouusn
a cd v O v i o = e ) v oa S o v
wodlesnjmiudariunuainudeuligain Fadhwiudlanasdsuuseiieisnisd el
A ey = [ 1
wWasupuautRnmeslunaradnilumesTuen lasldnssurunisevuaznsyuauns

v ¢ o v oa P ) -
Famlud Weliiinnisiionsine fagud 2.17
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fl
-

nszuaunsTan luduuudaiilas

WUSEU | WU I finglvlald
N5LUIUNNSDU
o 3 ¢ v H
aumeasoanlad I aumulatn

'

| deAiiaauu XLPE |

]
=i

5UN 2,17 aszurumsiamiluduuudeiiion

ﬂ‘i:ﬂU?umﬁaﬂ’ﬂuﬁﬁaL‘l‘i@dLLUUMLLuT'S:iuw (Catenary continuous vulcanization;
ceVv) Rensvuaumsiithaneada PE Win1sidenanne Tnsaidesluniassuuiletilveu
Falnenseutiuiieny 2 58 fe wuvauwdlaeldlulnsiauaiudues wazLuuTians Aoau
loth 300 C LﬁaLa%ﬁuﬂizmumsauLLé"JiTﬂe?'iLﬁmiﬂwdmémﬁaamqmmﬁm YofRvD9
Wnsiae aunsandnldsinduasldlulBuniion undeseymilunsddsuuy

o Y o v 12 = ] - =Y Ad al =Y 1 4
sEuUIIRSseEanY et - Selianuasondnateiaidanivuianswunn 150 kv 19
Aauanslugun 2.18

vioYananlud drundou

/ dauTsiaanusau
I— s

5

FairlwinUdon SEh AR KLPE

=] a a ) s
E‘thl 2.18 ﬂ']‘imamﬁqEJLﬂLUaIﬂEJﬂ'izUQUﬂ'}'ﬁ?ﬁﬂﬂnUﬁmaLUQQ'LULLU'Tiz‘U']U
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) o - a . . . .
nszurumMsiamludsafioswuuluiunia (Vertical continuous vulcanization; VCV)
- a o a o oA W ) YT i o a a o o W
AonssuIuNIsNnaewADa PE Faliudnnisaanefuiu CCV waazandualunuinagaasyinly
| a w " P, a R e T v o 1
Tlifadymaniesdns 3503 unsondeamenidadiifiuivirdavesdiduinnin 1600 mm
< el ol S a a a oAa @ a
wIaAUMUIYD9aUNIN 35 mm lagdFillasuanuteulunmsudnaisiadaniiuseiugeiiy
| Al % o a . ) | %) o - 9 v .
weillasmenisdndesluiuifsiagianeadlswnuiifiinugann Sarnneasiaveslsnul

< i ] bd & o s =l
sriismgeaninisneasnslsanunaideduiunssuiy dwanddugun 2.19

v 1Y) <
niuduiafiou il
vieiuAuiou

Hiatunuiau

Y

avanludusni

oA

daumaaiiu
LALda XLPE

N

= a a ) ¢ 1 e a
EUW 2.19 n'ﬁf»\lamaqﬂLﬂLUﬁIﬂBﬂ?ﬁU’JUﬂWS'}aﬂ’]luamal;u@@luuu’)@q

24
(%

3. fumeu Degassing \Jutunevlumsminnssandasvsznouusialuieaum
XLPE flonvasifntuanntuneunsifasene wy etsiuiealadu arsordlailua ansdiny
i eansiagenaasdaadomnuiiueureiieaniuld nogaamnssunandnans
wdaraluiuazednanseneg flddomsi Tnsaufivaendalidnsveemiasyanm 7 $u
Ao wddnhimadeutunsumsnanaeindaaiaauysel

wisanudnansiflifieanislags Decassing uwdanmhansimdawaitunsavasy
A wazthludueisstlasiulans viowdestasiunia uaviuauiunmouendndu las

2
v oW

szfupgiudnuurvasnsidanuvesaaiada Feaefinsiulutusiigeg fesiusenly
- JUABUNNTATUALUALATIAADUALAIN
wnegniuAsRasuAMNMYBIEIgIAlatLe oM INEANTITURaULLEY

Weliullanmaiadatuazanansodildauldass wasiinuamidasuiiumunnudenis
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Tunsld lnensasrsaeuaunmiuszanainisasivdeuguamussinilii msfavisa
ugu Yesinluilleawiu Audanvasuluilieawiu aunvesaneuasauiu se80aNUIe

I 1 d o
soelintiuinee lneiinsasisaeusumasgiunnvuall

[

2.7 auuluil [5)
a & & dw o A ee = v o
Tuniseanuuunaznadaua sl DAY UAINADIA1HIDIUTENITUTN ABRUIN A

- & =

= ad o L . - a |l =3 , o
nsAnwmgquiiineadesivawiu uavanulaunisneg Aiietuvesauiu Jadudanddu
d 9w a ¢ ' da & o a Vv
Welisasednssilymeneg Anatuivaioadals

- s a o e '
aunulih manedls Anudiwssaudiniiinannduvresszanegluguuuusiag

@

Adludnvurauuliihiaeiu msimsevuarasawdliiasonginssuvesianladidnasn

Fufuuselowiuniivoviniosnuuugunisl in3seilelildsuedagniesuasn iy
aulwihausowdeeanle 3 Useinw fe

1. awwlwihasiiaus (Uniform field)

2. Wil llahasodnios (Stightly non-unifrom field)

3, amulﬂﬁﬂijaﬁmuaqq (Highly non-unifrom field)

dwiuaunliindiasinans Uniform  field) wlevimsteutssiulviudidnlnse

1 a @ oo = |
aurniWAN Al AND ILNANTITIUS NN M eat s AYUANIALAS A auiuiniasEnIng

a

] ) e 1ol | P a & '
ﬂLaﬂImiﬂ‘dﬁLﬂﬁﬂUV}ﬂ'ﬂ‘ﬂ faAinvuaA M delaaUs v LLaHﬂigLLﬂLWNﬂuaﬂqquqﬂlu

a a

nuviula druaurulndqlugsiniaue (Non-unifrom  field) Lanlesauuuiininuiasun
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2.7.1 auaseaauulndi E (Electrical field stress)
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AsufauTun dunanduinavanas luBnmaidannduliaulaluanimitiaudy
s 96%  aumuuiuszanandogampiiiuiu melFanmuwadeuiiusaduleth
dndumugamgl wasnanisvasssamsnRnsanldn Madsuasthdganmleily
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2. srldilivl
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Jadonmeguugiidnlirssiinalunismaaeumilillii udanveuivndeyanilegas
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v

¢

Usingn seminveampivieaazaamall 100 °C wia1duifinazanas wazdnsInis
unsnsyneasiutunugamgiluauiunediofidu minnisveasdddiidlu LDPE waz XLPE
Tunafiwewnzdmsuasaiifiszmeladlumuls wu Acetophenone lunisunsvesans

- M3Guna

nsdnUszanndidninsauoudyasviindu 1nanseuiunis Fowler-Nordheim
tunnelling wasn1sdnnseuasniedesiun s waIswda () dunaldainAvmiada
Fedvswavasgamnililidmaiuninasdunuiouresnszuiunisianssta woAnssuiies
AsgiuAEnsLANEUUUINAYluT e aMmaliRe e 39I0N1IAARWREIILI 113
anavs t iintuidermudnuvmausnariianashainediefaussausaiiudesily
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Wuaswdn asiansanludivvamaveslSunueandiaudesuin aefuninudiuniulunisne
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) a & O o2 e Y = . = | & o e
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2.10 auldun wazduldlnda [31,[7]
2.10.1 anuvianevsnulii

aulihin MiAndululioauiuvesdieiiny Falianauidulndienidu  (Polyethylene)

LT ¥
o a

wazATOAAIAINALETIAY (Cross-linked  polyethylene, XLPE)— auliiniuluduliuszian
witeiiinluauaulnit Sadulisussnaumeduliidn vassulilnih famsidesulifownd
Fududumgedianisraanudeyignounis  wannainielii (Electrical
pre-breakdown darnage)

Fawavesauliihtuasadunaiule dsusueateq auld lagasidnemseiiag M

s
o

W wasnidnluvdnasng vewtnulumeia Tnomeluvssdulifinfussiihis nieeeey
Duresmenviindu Tnsomzvetmaruiinilin (Polar liquid)

2.10.2 dwvanaminsulihi

anvmmsavesdulithiufngnanivuanden uavamnwussauIuosEEfn
g damsiia duliti duasdeddinanuauinn Tagergmslfnuvesaedintussiasd
sz 6-7 FTuly Seaufnsialsiirdy
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Arwiuegluaedahiug idun matlsasiulaenss msdnsnvendiensiunisuen dawu
ﬂmmw‘uaqamummawé{aﬁwﬁv’u FaAnonarufianaialunisudsludunausiieg uas

wialulaglunsuan Tugui 2.25 wzuansiegndefinniatluauiurasaeaindansegalanu
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1 1 n’ a =l B o -:’i’ d‘lj
- Ppenannnnsinnainuluitioauiu
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Tavlugesinnpaniuasinnmsiawifanddly (ntemal  discharge) @sazaiienny
Gomounmauiu warSudugaidusurenisiaduliy
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Faanusoifaldvistuansiiainimelusensuininesdas (Conductor shield) uag
Fuansisininieuen viseduglatudan (Insulation shield) Tagwlodrglnindluasyinls
aunilwiaznszansliainaue uazgaiug axdimuiedoamaliiganiiung Se19
adsmnudeneuidenuiu uasndugndusuvasiulihi
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fuldnir woad 2 wilafe

1) wuuedtelud ( Bow-tie tree) : Inlusuwntaanizyosinanilasyulauvesdns

v

fazarela drulug/livinliauruideny Bow-tie-tree apnsalulalusyau

wilsivgvigavened

sUTl 2.26 Bow-Tie treeing

u

2) WuUAREASU (Vented tree) : \FaRURINAADNTEMIMUIaNs I LazauIY
4 - = ! 2 w oo w oM ou
wiousnuniimuuanseasmsiadin fuaunsaveneialigany Wuaimg

YDINTANWBIYDIENELALUA Vented tree UansRygui 2.27

g‘dﬁ 2.27 Vented Treeing
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2.10.3 anwenaluvea aulallviin
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A d -l 2 L5 I
Wasunlauiiownananuassan1aliil n19ausou n19Na LazINEANTNILINADUAIN
| a  w a ¢ al ' v a 1% a

AuuNwsasluasalianuanIUNeaLLesNENITON B ILANAINUANLWA VDA ULALDA
v 1 1 dul 1 v i nldl 5 1 i .
Jounwsaavattidiulngasdsznoume dunfuseanun (Protrusions) 4837374 (Voids) 588
uan (Cracks) msuqaaen (Elaminations) M1san vvesn1dadind (Conductor Shield
Interruptions) AMsiinduliiin wazsuldiini (Dudy

v a ¢ o a a & al

guldluds  wuldluauiuwedwes Feazwunisiiulauinluvsiiuinianinueiens

1 2 1 ﬂll U I o= Lx -3 CJ i

aulvvirAeudrgudululansifdnvausliFou voru dnilwihadaisdudou way
lassasndanwueiaun® nasfguisavrsdiuludeeindegaiunsanalminaudemiewn

2 d’f a 1 1 q’j q: & v =¢' 2 17 I 0’5 qj L Aa a d'
lassadeniuiitesinetiu falunavinduliiludy - FedulimausSusunsidninad
a v 4w v a Ay weva 0w & - a v - W
5unan aulduuuadieasu lurpenauldiSunedluilioauiudanisuanieniu wSavenemi

! ke

yosruliinmuatiuauinazenda duliuuuadislyd Faazuumudnualysusevasuld

(g
=1

U wazauliilvivh 16 3 sunuu disdl

1 sulsTuuuis (Branch-type tree)

3UT 2.28 sulsiuuuia [6)



2.6uldiiuuny (Bush-type tree)

sUTt 2.29 sulsfuuusia 6]

3 fuldiuusjauazis (Bush- Branch type tree)

3UM 2.30 aulduuunuwagia (6]
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v gk

U 2.32 Rounastnusnan s ssilivwuAs (Branch-type tree) [6]

anmsanwludestfianisiaedinismeaasswuunneg alpgdruunazlidulansin
ThAnAueseansaunslniia Smavosnisiiasuldiluit aglildiAnduivadngldusery
AC aghaieaviniy uddainduiuuseiu DC aae Tumsfesuldlii wazdulinh oed
seuzBuiauasuened denssaeuneldmasiivesmuaion ssezusnilindoszosiitu
Anenunal Ssanunsasmuanarildlunsiialasdansaindulsinin wavdulsih fasvoy
i uldilin wagdulihin esfimuemvssinm 10 um Tnenanidasiuegfumuidues
aualiih E°oe 5 > a > 2 Feduldilwih uazduliih Adnludesirefifvunelngazannsa

wilsdn wathflvuawihdurseidnndi 2 um azannsansivasuldenn
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Tutuusnvesnisvnsmuesiuldinih aeiidammadulaidduiedudulii u
agnslsAmudninnisvenedfisgandadiorssziAnusnannildauriliifiaamduman
voaszuy  Iaglugusuaazuanddiifivindlonsisaeussusmsvensis sulsliviih way
suldih egasBealunsiinvosiuldlin uavdulid Tududieg Tnenuirdadeduin
nsenesaves Auldluih wasiulinh sdnsindudravdes [uluaghedng munsmes
wanslugui 2.33

breakdown

Inception runawv/ay
stage stage

+——— Propagationstage e

<+—— Region of Fractal ————p

propagation

Fast growth

tree length

time e —

o a w a w
E‘U“ 2.55 IiSUﬁL?ﬁqﬂ’ﬁ’-ﬁﬁmuuﬂﬁﬂ’]'jmﬂjﬂmqﬂﬂaﬂWu‘metﬁq [6]
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3.1 gt

nsAnwnsfiesuliilnih Tuawiu XLPE anetawdalwiihiivane3s Tneisfioonuuuie
Jouusailuih waziivgamgiilusewitenismaaey Ssvimasassauiainau i
TngldBidninsauasunanlunisdroussduitoarefulifinihassluideauuluieuly
goumgifiuansinaiy wdwhnistuiinteyadnuuznisned warveneivesduldivi
muszeznaivaaey Tuuniagnaniinmsaiyemageunuiioonuuuls gunsaildlunns
VAFBU WaYNISASELIANAFEY

3.2 nsvadauniaiaduldiniluareadaussgeauiu XLPE

nsnAdeuIrnaaianIseeatyuganaaey fzunnlilunseuaunisnaaeu Tay
wisnhmswEsuiunuamemdaadauiialiniourommageumuiimual? saluds
AvunduUsiifiesnseramunumiesisdasslunsuaaou. Feasidsls fal

3.2.1 MI0RANULYANARD ULAZETYARNY IR

yanadounazAnesingnasaldulslini Wugunsaliedesdonldlunisadesulil
IntfiluangipiUaauau XLPE Tnedreraussiulilihas 10 kv panmd-50 Hz figamgliganda
grungiivasaeaidalurasiaudniiiostnaiausng msalduliilih uuusiaosyn
nagousuliilnity Tugnoimia auan XLPE Wway wasiiviaaeusie uansfasudl 3.1 uay 3.2
nud1sy TnegUnsaludavdruiiswaiBen sai

= o [%
5U# 3.1 uwuudnaesyanaasunuldinih
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1. ndesarAian anvorduguanasuiuiiauandis 20-em 617 20cm g4 10 cm
#adeasibanaseudiviuisndetiunuasiadaauat XLPE analuussqiy
wifautasdszana 25 Liduauaietosiunisiinfassanufisveseaadanagou @
melunaesazussnaudae Sidninsavatounay filvuiasadivesaaunas 40 um &4
SilnlnsaUanounanavuanifazuil 3.3 WenseruaUnsaisisussdugailetounssiulniii
TifuaneiaDanndou XLPE aasriuldlii f5EnTnsauuuszunu-syury Sastadnuuu
wazfuatesEsiadanaagudiipiass uUns1If TiAEswhar L SeuluundsITun
220 V 500 W dwsuliagdousiiunsiowdas wazmeslusidai duiuweinsine
gumpiveniguniiaulas wavdsenldidnifindesmunaumgil laoiasasviauiou

1 o

wazimasluAliUasudeansenundavindesmmall nmdiasnasesaianiioonuuulinans

ar A -~ ] an GJ o o A
m‘g'uw 3.4 AN MANNUDINGRI0LATANNNINTNAEDU LLammgU‘m 5

o a
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2. naesPmuApamal SvinouRtgumATvesiumisyadlurtizivanismaaey
nsifaduldlyii lusewndaneaeulviiiamed uasgndomaanszosaaimmagoy Jaae
anusodadgnmglinnaiiFasnisl iunistnesenuinssanagnnudelfenangseiy
gaungilsznausig Usenoumigaamgil 50°C 60°C 70°C 80°C wag 90°C muadu lneay
Faudetumesluduila wasirdesiiaiuieu 9inndeserasanianssansindanadey

U = e d
NADIMIUANIUNIUANIFIFUN 3.6
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o 7] & Qs O‘ v @ d 1 v -
3. yilouadussAugs Wugunsaludasssiumbiduussdugunedelitivaisiada
nadaunudidninsauarvunay InaWundondaslwdy T wa fda 2207100 kV 5 KVA
W =
50 Hz fuanelusun 3.7

JUN 3.7 wilouuaduseiued

¢ ) v o [V Y o v w2
4. gunsalmvuusaiy IWdmivdeussiununisnaasuiinimuald dufifio 10 kv
lngFuusssiudunadisuaios udswiueineelitfunioudadni ioudausasiu
Tiluussiugafiedgliiuianmaaousaly Muandusui 3.8
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3.8 gUnsalT 18U

5. yaudaipussiulwilnuumasuniu-Annvdsea (RC Dividen Aogunsaifildlunis
@ 9 ql 2 ) oy i v ' )
Taussaugs Adeunavdeluasiseiugy S0nT1ue1y 1:980 tiaarliiusu uasninua s iiu
v o =
AuAReINS | Aauanslugun 3.9

254

UM 3.9 yaudsiausaiulnihuuusiumu-fuivdses
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o aa ) ) v ) P v @
8. fadfimes lidmiuindygramiuussiugeiudasangaudsiaussiulviinuy

o W @ 6 ; v a < ' i v & v [ v
dumu-fnulszuissdiiiedhives uardruduswiuildnageuldadragnaos
WARRIgUN 3.12

U 3.12 Yahdiwes

3.2.2 eneipaildlunismedau
= ﬂl o - e a L ‘ﬂv 2/ a
auAlalssgandandne warddenmsifanuldluily lununaseuissldaonda

Ve 3 @ L i o [ L =l
ussgaldfuauiu XLPE dwiiusruudamdie 33 kv agaldininisldeu Tnsflvuianinumn
Y99RUIUYINAU9 mm dazdindunasuasdindesvuimdushugudnais 10 mm

Brandemeda ilalesddenlaudanuunt danumn 5 mm antdu
S L X = v w o v o a  adn v
wnzduiegneusnliivieidtuaniu XLPE wsoslaariusiaui wasdnlalvi aneedadild
) =
Tunvmaeumldinds wandlugui 3.3

gU'v“i 3.13 aewadafildluntsnaaaudulsln



63

3.2.3 sudsmuaulunisvadeu

sudsmunulunsmassududeiisndudmiunimaaey sznsviaaeusuliiivih
panuUULevAABUNAYaIAILATIAvaAL oy TefiaziinisiAsudnguugiisng q dau
Goulydu q Adesmuaulvineilugn 4 meeaeu Taedudsausilunmedeuasivianua
3 auus wail

1. A WmuiunAvesnduussiugunauled whity 50 Hz

[-¥] o L) v o - 1 - A L]
2. wseauli dwmsuleuliduatendanaaauriuniedidninsalatsuraniiolss
= 2/ U o v - s -l QJ
nsiinvasdulillni wazdsanisviivaremdanaasuldsumnueTenauinlniiuinwe
Judenlvuseiulni 10 kv
a ang v - | ar ad 5 ) a ' a )
3. gaungil Mldeediingandrsedvuninansedaldan weissnisiiavossuladlni
° o
Tnevinnisnaaaui 50°C, 60°C, 70°C, 80°C WAz 90°C

3.3 agu

o luunil 3 Sldnamiinisedvyanageunisinduldli luauuaseda
XLPE aqauszadvinuosmsvadeufie dofnuidnuaenasiiadildlviiiavesauan XLPE
vauzSuusirugenelianmaumginansiu dmsuseasiBenvasnisuaaoudiig 4 7lé
ssursluuwillsiun gavaaeu sunsaiine SauismswiEuameaTaaut XLPE Aldlums
vaday udeanil liviinisesniuuainsannanuGoudesuda Tuundaluasinauetuney
nszuIuMInaaeunsiianulllni
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4.1 msnszargarvesauu Wi luarewnda XLPE

4.1.1 na1n

TunsAnudulidindh luseindalwiiusegeszuy 33 kv fildauiueda XLPE n1s
Mvuadenseruussunidelisudidninie wazsrosiissenindidnlvsaasdandonl
winzan lnsanuaioaauuliiinluawiu XLPE assaliragseninsmiuesenauli
geanvasauduluaneialausgeseuu 33 kv wazarnuamuailadidnninvesauiy
(Dielectric strength of material) Fsseiuusaiuiisnslifudidninin uazszosiiesesning
dldninsailauduwusiuauaseeaundifiimeluauau XLPE iuumﬁﬁiﬁalﬁﬁmﬁ
Awarunienaudlnihgeaeluadindausegeszuu 33 kv iedsvsansyuendou
unusIL wazsiin1sadiiLuuTraanasnsrssautiniiigeaa iandulunisinu
usngnisaliuliilafh daelsunsa Comsol multiphysic 3.5 iensiadeunugNFaUa
wssfuiidelifudidnings wazssosdaimunsanyesb@Enlnsaiansin sauluisldie
aueNsisuLnes wasanesvesaL Ll i luauau XLPE

4.1.2 emuaseaaunulviiluaiewaaauau XLPE

Anuassavasaunliniluaealaguin XLPE seuy 33 KV uilasieisnsanssuan
Fouunusniauansluzui 4.1 dudndlnitageglunnied uasiuiivesnsinszuenie

a o

qy o '::” o = A & & o A
WuRaAng T FalulayarfenisusRusaNnIsiundLadseaunnIsn 4.1

O=[Ded4 (4.1)

JUN 4.1 wuudnaemsenTsungouwnuTIY
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AMIVUUUTIADINTINSEUBNTRULAUSINATTAM UL | SaTlwindu r B4 rsrer, wae

17
[V Y

D [ AU -l F =
E=— aavumtauudliidnsad r aglana

£
Q 1
E.= X — (4.2)
27mTEL v
@ d 1 ./ :; <
wseuntesseninamsanseuandeuniaand Ao
f Fdr
uszdr= I (4.3)
, 2we LT r
Q h
U= x(n—= (4.9)
276V 1
= v -l A
Falamnuasosanulninfsees r 1o 9 (rer<r)
U
b S0 2 (4.5)
2
rin
r1
1 =i a & ada 7 o G
WS 1zRzduATATIAAUININANGER Ens SUAAYUAR MO MTINSZUBNTOU UARD
u
Gre vy [0 (4.5)
rint

e U Ao usesuwla
- o o [ o
r Ao SAdvaesd i
r, D SATvaauIu XLPE saunusatvassavlnwg

meiadaauiu XLPE Aldlunsfnwinisidatsingnisaidulilnii uaseda
usagedmiuszsuudmung 33 kv Adslaiiunsldeu Samuvuveauiuity 10 mm
findunewasiitndorvunadurd uguinats 9 mm 9naun1si (4.6) ¥n1sunuel
wseulwiwiiu 100 V Sefiveedani r Wiy 4.5 mm wazseilvesauiu XLPE saufusail
Fi r Wi 14.5 mm iflemAauATeaveeauLliingean En. luaeiaidaluanne
vhaouun@ Gaagdidwihify 22.6104 kv/mm

iefigaidAitiinszianTusunas Comsol fimgnies Favhmawiouiiou  wa
nMsimseiivannssanszuendauunuiin Maun1sil 4.6 Idnsnszangauniii
FasUil 4.1 9nmsiiasesilag Comsol ldmueSeaaunlniigeganiiiu 22.617 kv/mm
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GafldnlndlAsaiunisiuiaangasun Jwaguiimsiessinelusunsulanugnies was
annsadilussdslunsneaeuldatignies

Surface: Elactric potential [V] Subdoman marker. Electric field, norm [vjm] Max: 100

0005 6,01 0015 a02 0’3 003 0.035 o
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ABSTRACT

This project presents the study and experiment of
electrical treeing phenomena XLPE insulation of the 33 kV
underground cable with the temperature of 50, 60, 70, 80 and 90
degree Celsius respectively. The XLPE test samples with the
thickness of 5 mm and the diameter of 28 mm were prepared. The
tungsten needle electrode with the tip radius of 40 pm was inserted
vertically into the sample to a depth of 2 mm to localized enhance
the electric field stress in the XLPE. The 10 kV AC voltage was
applied to the test sample under the mentioned temperature for

| hour, 2 hours and 3 hours respectively. The test results
shown that the length and width of the electrical tree directly
depended on the sample temperature and the time of testing. The

electrical tree could be observed after tested for 3 hours for the 60

degree Celsius. Whereas, the electrical tree was found after 1 hour

testing for 90 degree Celsius test sample.

Keyword: Electrical tree, 33 kV underground cable and The

tungsten needle electrode.
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Using PC-based on-line monitoring system, extensive measurements were performed in insulation
blocks cut from the crosslinked polyethylene (XLPE) insulation of 36, 69 and 132 kV rated cables
produced in Saudi Arabia. A needle-plane electrode system was used with a needle radius of 10 pm.
The role of 'applied voltage step-time duration' and associated time resolved initiation and growth of
different types of tree structures were evaluated. Results show that a step of 3 kV/10 min duration
provides good comparison to evaluate service aged and new XLPE insulation of different voltage
ratings. Velocity of propagation of electrical trees is fast at initiation, but declines exponentially to a
constant rate within 20 s of its initiation. Fractal analysis of such trees was also carried out using
different types of technical grade XLPE insulations. This paper presents discussion on these results

and sheds light on the electrical treeing phenomenon.

Key words: Electrical treeing, crosslinked polyethylene (XLPE) insulation, on-line monitoring, bush-type tree,
branch-type tree, new and aged cable insulation, fractal analysis.

INTRODUCTION

The high voltage crosslinked polyethylene (XLPE)
insulated polymeric cables play an important role in the
transmission and distribution of electric power in bulk to
load centers. The long term dielectric integrity of this type
of insulation is influenced by the material used and the
design parameters adopted. Electrical treeing is
particularly important for high voltage cables. The
degradation process in XLPE due to electrical treeing
occurs in two district phases, that is, inception phase,
where a microvoid is formed at or in the vicinity of region
of high electric stress, followed by a growth phase, in
which an array of filamentry channels is formed in the
insulation matrix as a result of partial discharge (PD)
activity. Initiation of electrical treeing requires a minimum
electrical stress and a certain characteristic time, known
as incubation period, after AC voltage application. During
the incubation period, charge carriers move back and
forth repeatedly between the electrodes and the stressed
dielectric, and this repeated charge transfer is believed to
be mainly responsible for the treeing initiation. Treeing

*Corresponding author, E-mail: mqureshi1@KSU.EDU.SA.

inception is characterized by the incubation time, which is
the time required for generating an observable tree
(usually about 10 pm in length). This time is strongly
dependent on electrical field strength and is inversely
proportional to the frequency under AC stress. After a
tree is initiated, detectable partial discharges will occur,
which can result in tree growth and the ultimate
breakdown of the dielectric.

The high electrical stress necessary for tree generation
occurs, generally, due to defects formed during
production, installation as well as during its operation.
Experimental studies on electrical treeing behavior of
XLPE have led to different theoretical aspects of treeing
initiation mechanisms as discussed (Du et al., 2011; Gulski
et al., 2008; Ling et al., 2008; Malik et al., 2005; Osawa et
al., 1997; Zhou et al., 2010). The growth of trees depends
upon voltage magnitude, type of applied voltage and test
geometry, frequency, space charges, material morphology
temperature, additives and crosslinking and other factors
(Chapman, 2001; Chen and Tham, 2009; Dodd et al.,
2003; Du et al, 2011; Dissado and Fothergil, 1992;
Fothergill et al., 1994; Kim, 2001; Samee et al., 2009;
Shimizu and Laurent, 1998). After initiation, the tree growth
proceeds by a series of sporadic bursts of activity.
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Figure 1. Test sample.

Subsequent to the formation of the first branch, tree
growth restarts as two new branches are added to the tip.
Thus, the inactive periods can be associated with the
initiation of the tip splitting process. Once a number of
branches have been formed, it is possible for some to
keep growing, while others are inactive; this behavior
may continue right up to the runway stage, where the tree
continuously grows, leading to a breakdown for branch
and bush-type trees. However, in some cases, an
extended period of slow growth occurs prior to the
runway stage. Consequently, tree branching becomes
more frequent and rate of tree growth slows down. Two of
the most important factors which influence tree propagation
rate are the development of internal gas pressure due to
PDs and the shielding effect of adjacent tree branches on
the resulting electric field.

The principal objective of this paper is to study the
factors governing electrical treeing in XLPE insulation
blocks and also to find out the most suitable method of
voltage application so that different cable materials can
be compared in a short time. This has been achieved
using the on-line monitoring of the initiation and growth of
electrical trees. The factors examined experimentally
include, effect of initial voltage applied, voltage and the
time steps used and new and in service aged XLPE
insulation materials taken from high voltage cables of
different voltage ratings.

EXPERIMENTAL SET-UP AND PROCEDURES

The XLPE cable's insulation was cut first into blocks of 20
x 20 x 3 mm. 'Agura’ steel needles of 10 um tip radius
were carefully inserted in these blocks at the middle of 20
x 3 mm side to form point-plane geometry with a
specified gap distance (d). The face opposite to the
needle was painted with silver conductive paint. Figure 1
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illustrates the dimensions of the finally prepared sample.
A test cell was designed and fabricated to accommodate
the test sample and the high voltage electrodes. The aim
was to facilitate the capture of real time image of the tree
at its initiation and during its growth. The cell was filled
with silicone oil to avoid discharges on the sample's
surface. The optical system consists of a variable
intensity light source, a wave guide, a microscope and a
digital camera arranged in a vertical format, while the test
sample was kept horizontal on a transparent glass
platform. This arrangement is as shown in Figure 2. The
camera output was fed to computer for image storage,
retrieval and analysis. Figure 3 shows the block diagram
of the experimental set up.

The high voltage source used was a 30 kVys PD free
transformer. Each experiment was started by applying a
voltage ramp of up to 7.22 kV,,s which corresponds to a
stress of about 184 kV,n/mm at the needle tip. At this
stage, the voltage was increased by specified time, that
is, fixed voltage increments (AV). After each increment,
the voltage was kept constant for fixed time duration (At).

RESULTS AND DISCUSSION
Bush-tree versus branch-tree

After the completion of incubation period, a small filament
appears at the needle tip which leads to further tree
growth. Depending upon the applied stress values, the
tree can become bush type or branch type. It was found
that the branch-type tree initiates at lower stress values
as compared to the bush-type tree. Similar character of
tree initiation was reported earlier (Malik et al., 2005).
However, the incubation time for branch-type tree is
longer than that of bush-type tree. The high stress
application in the case of bush-type tree causes an
increased rate of deterioration of the insulation at the
needle tip. Such an increased rate causes a reduction in
the incubation time for the formation of the initial tree
channel. Figures 4 and 5 show two (branched and bush-
type) trees at initiation and during propagation states.

Effect of the voltage step

Tree length is influenced by the stress applied as well as
its total duration which depends on AV and At used. It is
reported in literature (Ishibashi et al., 1998; and Malik et
al., 2005) and also found in the present experiments that
treeing inception stress (E;) varies in the range of ~250 to
~500 kV/mm. Beside the morphology of the insulation,
the mode of the voltage application is perhaps the
dominating factor affecting Ei. To examine this aspect,
experiments were repeated using several types of XLPE
insulations. For each type of insulation, more than three
samples were subjected to tests to get an average value.
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Figure 3. Block diagram of experimental set-up for real time acquisition of electrical treeing

characteristics.

Table 1 summarizes the variation of different parameters
related to electrical treeing in several new and aged (36
kV, XLPE cable) samples tested. Here, T, is the
incubation time and V| is the inception voltage for treeing
inception. E; corresponds to the Laplacian inception
stress at the needle tip. Bush type trees appear when
subjected under E; values > 400 kV,,/mm, whereas the
branch (filamentary)-type trees emerge at E; < 300
kVms/mm, while branched-bush tree structures appear in
a stress range of 330 to 390 kV.,s/mm. These values

apply equally to aged as well as new 36 kV cable
insulations, and are almost the same as that found for 69
and 132 kV rated cable insulations.

Comparison of different insulations
Figure 6 compares the tree length as a function of time

for five types of XLPE cable insulation tested. The value
of gap spacing is ~5 mm, while the application of stress
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c d

Figure 4. Branch type electrical tree growth: (a) L, = 60 pm, t = 2
s; (b) Ly = 500 pm, t = 7's; (c) Lm = 670 um, t = 15 s; and (d) Lm =
780 um, t = 25 s. Applied voltage = 12 kV. L, = Maximum axial tree
length. £

._ : ’

Figure 5. Bush type electrical tree growth: (a) L = 18 um, t = 1.0 s; (b) L = 374 um, t
=12s;(c) Lm=415um, t =32 s; and (d) Lm = 747 pm, t = 50 s. Applied voltage = 15 kV,
d=5mm.
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Table 1. Variation of different parameters related to treeing in insulation samples.

Sample No. D (mm) Ti (min:s)  AV/At (kV/min) Vi (kV) E; (kVimm) Type of tree
Ay 6 32:00 3/10 16 409 Bush

Az 6 42:00 1.5/5 19 483 Bush

As 4 50:18 1.0M15 11 294 Branch

N4 5 31:08 3/10 16 411 Bush

N2 5 23:27 1.5/5 3 336 Branch-Bush
N3 4 106:50 1.0/15 15 390 Branch-Bush

A = Aged 36 kV cable insulation, N = new 36 kV cable insulation.
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Figure 6. Tree length with time for different types of new XLPE
insulation. AV =3 kV, At =10 min, d = 5 mm.

was controlled by a (AV/At) step of 3 kV/10 min in all
cases. It is clear that 132 kV cable insulation performs
better than 69 and 36 kV cable insulations, both in the
sense of incubation period, tree length as well as the tree
inception voltage. Here,

A; =132 kV, XLPE insulation from manufacturer A.
Bi = 132 kV, XLPE insulation from manufacturer B.
Ci= 69 kV, XLPE insulation from manufacturer A.

D; = XLPE, 2 h cured, from local pallet manufacturer.
Fi= 36 kV, XLPE insulation from manufacturer A.

where i = sample number from same insulation.
Figure 7 illustrates tree growth rate versus time for six
insulation samples. It is clear that initially, the tree

propagates with a relatively larger rate which retards with
the passage of time as the tree traverses toward the
opposite electrode. For the investigated XLPE
insulations, after a time lapse of about 20 s, the tree
growth rate becomes slow and attains almost a constant
value. It further shows that, in the first 20 s after initiation,
the tree growth rate is field dependent, while after this
time period, it becomes space charge limited and almost
constant which verifies the self limiting growth behavior of
electrical trees (Dissado and Fothergill, 1992).

Fractal behavior of electrical trees

The electrical trees are highly branched structures, which
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Figure 7. Average tree growth rate in 6 samples of type # D
insulation during the first minute after treeing initiation.

are often considered as fractal objects. The degree to
which such objects fill the space is characterized by a
fractal dimension, which provides a measure of the
branch density of the tree. This parameter is therefore
important in relation to the length of the tree and to the
volume of material damage that has occurred. Models
have been proposed in the literature (David, 1995;
Dissado and Fothergill, 1992) which suggest that the arc
length of each branch (Si) summed over all branches
within axial length (L) is related as:

S =(ESheL” (1)

where (dy) is the fractal dimension.

Tree growth in polyethylene under power frequency
voltage has been found to show the fractal dimension as
dir = (1.6 — 1.7) for branch-type trees, while it is (2.4 — 2.6)
for bush-type trees (Dissado and Fothergill, 1992). In
some binary-mixtures of polyethylene, values of d; = 1.3
have also been reported for Branch type trees, whereas
in case of bush-type trees d; was found to exceed 2.0
(Dodd et al., 2003).

The tree parameters for several samples of insulation
tested here were evaluated for determining d;. For this
purpose, 2-D patterns of the branch-type electrical trees
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Figure 8. The variation of total arc length of branch

elements with the maximum axial length of branch-type
tree for two samples.

were subjected to the fractal analysis. Figure 8, for
instance, illustrates the variation of total arc length of tree
branches as a function of axial growth length (L) for two
samples. The data fits well on the log-log plot. The slope
of the curve gives df = 1.18. Similarly, it was found that
relation between L, and the total number of alternating
pulses of applied voltage fit well on log-log plot (not
shown here). From such a plot, the reciprocal of the slope
of the curve (= dy) is equal to 1.2 and is almost the same
as obtained with =S, versus L,. The value of d; is
therefore confirmed by two different ways, but is less than
the value (1.6 — 1.7) reported in literature for polyethylene
(Dissado and Fothergill, 1992). XLPE is a more complex
matrix than polyethylene (PE). Moreover, its melting point
is ~ 106°C as compared to 70 °C for PE. The fractal
effect of the Maxwell's forces due to the applied field is
more severe on PE than XLPE. Perhaps this is the
reason that the branch density in PE is higher than that in
XLPE insulation.

Conclusions

The following conclusions can be drawn from this study.
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1. Using 10 um defect size, stress of around (280 to 510)
kVms/mm is required to initiate tree in = 1 h in XLPE
insulation blocks investigated in this work.

2. The values of voltage step AV and time step At at each
voltage level control the type of tree. If AV is kept small
and At large, then branch-type trees are initiated.
However, if AV is increased and At is decreased, bush-
type tree results.

3. During the initial 1 min after a tree's inception, the tree
growth rate decreases in an almost exponential manner
and approaches to a constant value.

4. Electrical trees are fractal objects and the fractal
dimension (dy) is determined for several types of
insulations. It shows that d; can be a useful tool for
comparison of different types of insulations.
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