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RATTHAKHET THIAMSRI : STUDY OF ELECTRICAL TREEING IN
CROSSLINKED POLYETHYLENE INSULATING MATERIAL FOR 22 kV
HIGH VOLTAGE CABLE. THESIS ADVISOR : ASST. PROF.

BOONRUANG MARUNGSRI, D.ENG., 134 PP.

ELECTRICAL TREEING/XLPE INSULATED/CABLE AGEING

Under long term in service, ageing of underground cable caused by various
stresses, i.e. electrical, mechanical and thermal stresses may occur unavoidably.
Basically, electrical treeing caused by electrical stress is one of many ageing
indicators of XLPE insulated cable. The occurrence of electrical treeing leads to cable
failure. So, knowledge of electrical treeing is very important for improving
performance of underground cable. This thesis studied effect of various factors, i.e.
wave shape and frequency of electrical stress and thermal stress, to the occurrence of
electrical treeing in 22 kV cross-linked polyethylene (XLPE) insulated cable for
distribution system. Firstly, a testing chamber for electrical treeing was designed and
was built. Numbers of hallow disk of XLPE insulating material with a thickness 5 mm
taken from unused high voltage cable were used as test specimen in this study. All
specimens were then dried at elevated temperature of 110°C for 5 minute. Stainless
steel needle was inserted gradually into the specimen to give a tip to earth plane
electrode separation of 2.5 mm. Applied voltages having sinusoidal and triangle
waveforms with various frequencies, i.e. 50,100, 500, 1000 and 2000 Hz, were
defined as electrical stress. In addition various temperatures, i.e. 25°C, 60°C, 75°C and
90°C were defined as thermal stress. Two types, bush and branch treeings, were

observed from the study results. By the results, propagation speed of branch treeing is



faster than bush treeing. In a case of frequency, propagation speed of electrical treeing
increased with increasing frequency of applied voltage stress. In a case of thermal
stress, propagation of electrical treeing increased with increasing test temperature. In a
case of wave shape, two characteristics of propagation speed were observed. Under
low frequency, propagation speed of electrical treeing from specimen subjected to
sinusoidal waveform voltage stress is slower than propagation speed of electrical
treeing from the specimen subjected to triangle waveform voltage stress. While under
high frequency, opposite tendency of propagation speed of electrical treeing
comparing with those under low frequency was observed. Faster propagation speed
was observed from the specimen subjected to sinusoidal waveform voltage stress
comparing with the specimen subjected to triangle waveform. Furthermore, physical
damage and chemical change were also analyzed on tested specimens. Chemical
change was analyzed using FTIR spectroscopy. By chemical analysis results,
increasing of C=C bonds (Carbonization) and C=0 bonds (Oxidation) was observed.
For physical damage, obviously damaged surface was observed on tested specimen

with branch treeing comparing to the tested specimen with bush treeing.
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(Electric Cables Handbook, 3" edition, G.F. Moore, 1997)
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9 XLPE | PE PVC | 19Butyl | 819 EP | 819 CR
VDI AN
092 | 092 | 12-15 | 1415 | 1314 | 14-1.6
(Specific Gravity)
anuaanuauu i

50 30-50 20-35 20-30 30-45 15-25
(Dielectric Strength : kV/mm)

ﬂl'lﬂ')']uﬁ)'luﬂ']uﬂ%llﬂmi
1,018 | 1,018 1,012 1,015 1,015 107-12
(Volume Resistivity : ohm)

1 @ ad a
ﬂ”lﬂ%]’!ﬂ]i’)ﬂ]lﬂi’]mﬂﬂiﬂ

2.3 2.3 5-9 4-5 4-5 7-10
(Dielectric Constant)
#1)5znoumasldih
0.03 0.03 4-12 1-3 1-2 > 10
(Power Factor : %)
ANUMUNULTIAG 1.4- 1.2-
) 1.0-2.5 0.4-0.7 0.4-0.9 1.2-2.0
(Tensile Strength : kg/mm”) 1.8 1.5
qmwgaqqqmmﬂ%’ﬂm 0) 90 75 60-75 80 90 75
anudnu i
NG NG E NG NG E
(Flame Resistivity)
malasuginnanudon
F G G G F G
(Heat Deformation)
' Y
ANNUATHINY 1o Ty u
F F G F E G
(Ozone Resistivity)
ANUAINUADTNINDINA
G G F F F F
(Weather Proof)
AANUAUNMIULTY
E E F NG NG G
(Oil Resistivity)

WA : E : gpaiton
=
F:a
G:wold

NG : Timanzunms 1gam
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25°C 60°C 75°C 90°C
VU 1 V1A 1 YU A VU A
(mm) (min) (mm) (min) (mm) (min) (mm) (min)
0.40 31 0.17 21 0.37 3 0.23 1
0.41 35 0.21 22 0.61 5 0.51 2
0.43 37 0.39 24 1.08 7 0.79 3
0.49 41 0.47 25 1.38 9 0.85 4
0.53 43 0.98 27 1.67 12 1.12 5
0.61 48 1.10 28 1.75 15 1.62 6
0.68 51 1.26 33 1.80 20 1.73 7
0.72 55 1.31 35 1.91 25 1.80 10
0.86 59 1.38 37 1.95 30 1.90 13
0.91 63 1.39 38 2.01 33 1.93 16
0.96 69 1.41 39 2.03 36 1.98 19
1.00 74 1.43 40 2.05 38 2.10 21
1.00 84 1.44 44 2.09 40 2.25 26
1.01 90 1.44 48 2.10 44 2.34 29
1.01 99 1.44 50 2.11 48 2.34 33
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~ a @ AAa A v 9 4’ [ =
A1TWN 6.3 VUIANITINA LAZNITVYIIAIVDINTDIUNYUN VLI “l%gﬂﬂauuimuﬁmmaﬂm

Ngangii 25°C

50Hz 100Hz 500Hz 1000Hz 2000Hz
VIR | A1 | e | a1 | e | a1 | e | e | e | e
(mm) | (min) | (mm) | (min) | (mm) | (min) | (mm) | (min) | (mm) | (min)
0.19 10 0.21 12 0.17 25 0.23 20 0.28 17
0.31 13 0.31 15 0.31 30 0.31 24 0.81 19
0.53 16 0.39 18 0.48 35 0.49 28 0.87 21
0.69 19 0.52 21 0.59 40 0.55 32 0.93 23
0.76 22 0.61 24 0.67 45 0.63 36 0.99 25
0.93 25 0.71 27 0.75 50 0.68 40 1.23 27
1.01 28 0.84 30 0.80 55 0.71 44 1.32 29
1.16 31 0.96 33 0.91 60 0.83 48 1.38 31
1.49 34 1.10 36 1.06 65 0.95 52 1.43 33
1.71 37 1.29 39 1.07 70 0.98 56 1.55 35
1.80 40 1.43 42 1.07 75 1.01 60 1.63 37
1.89 43 1.64 45 1.07 80 1.10 64 1.75 39
2.06 46 1.78 48 1.08 85 1.13 68 1.98 40
221 49 1.89 51 1.08 90 1.15 75 2.01 41
2.30 52 2.05 54 1.09 95 1.15 81 2.02 42
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% T =— (6.2)
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STRETCHING MODES
antisymmetric
BENDING MODES
scissoring twisting wagging
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CM328/CM328-10.pdf)
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Wuse C=C Yui Insead1amauniivoanuiu XLPE uazs9nau 1750-1780 cm” 9ZUEAINTS
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navonFaduluiionuiu

IS d' dy a a % da! Y 49! =S
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Y ]
Wusz C=C uaz C=0 1s1nguinuaaainiionuiy XLPE szlimsideverguinaiulidae

9
aAav A

Y o = a 4 9 =\ Lg [
NUITBN AT FeuNeun15nT129 1T 983 19N10ATU9 DALY XLPE 55 M4
AU XLPE UFanani0ama 1l vazauiu XLPE luvuSnan lumanssana il

(@eatalvy)

A a A a ' Jd o a A
AT NN 6.4 ﬂ’ﬂllﬂ‘l]@\‘lﬂTﬁE]ﬂﬂﬁuuﬁﬂﬂuﬂﬁ1&5@%@@WHNQﬂ%HUN%Uﬂ (N http://e-

book.ram.edu/e-book/c/CM328/CM328-10.pdf)

Type of vibration ¥R U (cm_l) Intensity
Alkanes CH,, CH, & CH 2 or 3 Bands 2850-3000 str
=C-H & =CH, (usually sharp) 3020-3100 med
Alkenes C=C (symmetry reduces intensity) 1630—1680 var
C=C asymmetric stretch 1900-2000 str
C-H (usually sharp) 3300 str
Alkynes
C=C (symmetry reduces intensity) 21002250 var
C-H (may be several bands) 3030 var
Arenes C=C (in ring) (2 bands)
1600 and 1500 med-wk
(3 if conjugated)
O-H (free), usually sharp 35803650 var
Alcohols
O-H (H-bonded), usually broad 32003550 str
and Phenols
C-O0 970—1250 str




A = A a 1 Jd o a 1
AT WN 6.4 mma‘ummsg]ﬂﬂauumamhmmmmuﬂm%umwuﬂ (919)

100

%¥39A8U (cm’)

Type of vibration Intensity
N-H (2 bands) 3400-3500 wk
Amines N-H 3300—-3400 wk
C-N 1000—1250 med
Alkanes CH,, CH, & CH 2 or 3 Bands 2850-3000 str
=C-H & =CH, (usually sharp) 3020-3100 med
Alkenes C=C (symmetry reduces intensity) 1630—1680 var
C=C asymmetric stretch 1900—-2000 str
C-H (usually sharp) 3300 str
Alkynes
C=C (symmetry reduces intensity) 21002250 var
C-H (may be several bands) 3030 var
Arenes C=C (in ring) (2 bands)
1600 and 1500 med-wk
(3 if conjugated)
O-H (free), usually sharp 35803650 var
Alcohols
O-H (H-bonded), usually broad 3200-3550 str
and Phenols
C-O 970—1250 str
O-H (free), usually sharp 3580—3650 var
Alcohols
O-H (H-bonded), usually broad 3200-3550 str
and Phenols
C-O 970—1250 str
N-H (2 bands) 3400-3500 wk
Amines N-H 3300—3400 wk
C-N 1000—1250 med
C-H (aldehyde C-H) 2690—2840 med
C=0 (saturated aldehyde) 1720—-1740 str
C=0 (saturated ketone) 1710—1720 str
Aldehydes
aryl ketone 1690 str
and Ketones
O, B -unsaturation 1875 str
cyclopentanone 1745 str
cyclobutanone 1780 str




A = A a 1 Jd o a 1
AT WN 6.4 mma‘ummsg]ﬂﬂauumamhmﬂmmwuﬂm%umwuﬂ (919)

101

%9A8U (cm’)

es andKetenes

-N=C=N-, -N,, C=C=0

Type of vibration Intensity
2500—
O-H (very broad) 3300 (acids) str
overlap C-H
1705—
C=0 (H-bonded) str
1720 (acids)
Carboxylic Acids
1210~
and Derivatives O-C (sometimes 2-peaks) med-str
1320 (acids)
17851815
Cc=0 str
(acyl halides)
1750 and 1820
C=0 (2-bands) str
(anhydrides)
O-C 1040—-110 str
Carboxylic Acids
C=0 1735—1750 str
and Derivatives
O-C (2-bands) 1000—1300 str
Carboxylic Acids 1630-1695
C=0 (amide I band) str
and Derivatives (amides)
Nitriles Isocyanates, C=N (sharp) 2240-2280 med
Isothiocyanates, Diimides, Azid | -N=C=0, -N=C=S
21002270 med

NUYINE : str : strength
med : medium
wk : weak

var : variance

642 M3AARUIN XLPE s unsieaevlnssadiamanil

fﬂiﬁ‘i’)ﬂﬁﬂﬂiﬂi\it’f%}NﬂNLﬂﬁ"U@\‘lﬂu’Ju XLPE 1neetatiia 22 kV ﬁlﬂﬂ%%

o o Y o @ a 9 a ] 9y ° a
FTIR ﬂnﬂu@]’E_]\ﬁ/nﬂ'ﬁﬁﬂﬂu'}uﬁ']ﬁllﬂlﬂaslﬂllﬁ\?@uV\li'lﬁﬂﬁ'lﬂ'liﬂﬂng'luulﬂ Iﬂﬂu']ﬁ'lﬂlﬂlﬂa

A a A A 9 o (4 A o dy A o T A a s a
ﬂlﬂﬂﬂiﬁ)\iﬂ?\ﬂﬁ/\lw1 UININITNNAIVLATDINALUDIYD (UliJIﬂiI‘ﬂll) Gl,uﬁ%!ﬁuﬁﬂlﬂﬂﬂ'i@\i‘lfﬂﬁ

1 v
T#h 19 5v19 60 pm Tasmsdaaeandasianiedlulns Inudesasedidasuyuanuas




102

A A Y o = 9 A A o X A
Lﬂ!ﬂaiﬂﬂlﬂw']gLW@‘IVN']EJGIUﬂ'ﬁ@]ﬂL!azﬂJﬂ'T]NQﬂ@ﬂ\?ﬂl'ﬂ\?"\]u']ﬂll']ﬂﬂq@ LATONAALUDLIYD

Y
v A a

=] Qy A v 9 A
hliliﬂii‘ﬂll ﬁ'JflﬂﬂUﬂfUQTUﬁ1ULﬂLUallagcﬁu\ﬂuﬂW’luﬂ’]iﬁ@ﬂ?ﬂlﬂi@qUllliﬂjjﬂll!l,ﬁﬂ\islu

A A ~ o Qy A o ] E4 <3 1 a a
51196.49 319 6.50 az 31 6.51 awa1ay FunuNdaesauysaivznyla lumsuziioya

U

1aa < A X
Llagiﬁ“ﬁaﬂ“ﬂallﬂﬂluﬂlW@ﬂﬂﬂj’]N"]}'u

31/ 6.49 150969 luTns Tny



103

A v KX v A a
E’]J‘VI 6.50 AYAIUBUNUTALLD




104

643  mynneHlnsaiamaniivesnini XLPE inanisemaliih
mMsdnszd Tnssadamaniivesnuiu XLPE snaneiaidia 22 kv iianiasa
maTWihmeluiienurunnmsansuarisonisania i fiusadu 8 kv saduns iy
lesrfuazgilaaunsafueumasuguu il 25°C 60°C 75°C 1az 90°C AN IR Y S0Hz

100Hz 500Hz 1,000Hz 1182 2,000Hz A1ME1AU A2181A309 FTIR Aduanslugilhn 65204

319 6.59

100

% Transmittance

MNew

50Hz
——— 100Hz % |
——— 500Hz

1000Hz
——— 2000Hz

2400 2200 2000 1800 _11600 1400 1200
Wave Number cm

20 [

4 4 - 4 o e
31111 6.52 FTIR spectrum v93n1u Ngaingll 25°C gilaauusean land



% Transmittance

100

40

20

m—-—&w_‘___-
e

H — 100Hz

new
50Hz

— 500Hz
1000Hz

— 2000Hz

2400 2200

2000

1800 1600 1400 1200

-1
Wave Number cm

51/ 6.53 FTIR spectrum ¥94n131 XLPE Ngaivigil 60°C juaauusaau lal

% Transmittance

100

new
50Hz
20 f — 100Hz
— 500Hz
1000Hz
— 2000Hz

2400 2200

2000

1800 1600 1400 1200

-1
Wave Number cm

310

a

6.54 FTIR spectrum Y89nU2U XLPE fgaivgil 75°C gulaaumsedu'land

U

105



106

100

80

Q

Q

g 60

==

S 40t i
new
50Hz T

20 f —— 100Hz - \\\ .
——— 500Hz h\\\

1000Hz
— 2000Hz

1400 1200

2400 2200 2000 1800 1600
Wave Number cm’'

51/ 6.55 FTIR spectrum Y9an121 XLPE Ngaivigil 90°C gUaauns s lani

100 T T T T

% Transmittance

50Hz
20|~ 100Hz X i
— 500Hz x

1000Hz
— 2000Hz

2400 2200 2000 1800 1600 1400 1200
Wave Number cm’'

a

311 6.56 FTIR spectrum 494121 XLPE Ngaingll 25°C jaauussduaumasy

K



% Transmittance

100

201

new
80Hz
— 100H=z
— 500H=z
1000Hz
— 2000Hz

2400 2200

2000

1800

1600

-1
Wave Number cm

1400 1200

31111 6.57 FTIR spectrum ¥89219% XLPE Ngaitigil 60°C 3iladuussduaumasy

% Transmittance

100

40

20

_\_,:o’_"u'—"‘-:——_._—‘,_—\:\_aﬂl-h

Mew
50Hz
— 100Hz
— 500Hz
1000Hz
— 2000Hz

2400 2200

2000

1800

1600

-1
Wave Number cm

1400 1200

3191 5.58 FTIR spectrum Y999171 XLPE Ngaing)

U

a

1 75°C 3

Unauuseauaraoy

107



108

100

% Transmittance

Mew

50Hz

2ol | —— 100Hz l ]
——— 500Hz ]
1000Hz e

— 2000Hz
0 1 1 1 1 1 1
2400 2200 2000 1800 1600 1400 1200

-1
Wave Number cm

31111 6.59 FTIR spectrum ¥93n17 XLPE Nigastigil 90°C jiladuussquaumasy

a 4 A
1ngdms Az Inseadenmaaiiaeanuau XLPE ARUMSNAT0 U
a 4 < @ 1 @ @ a
n30amalui1d181a599 FTIR 11U 1@ %0319 UT52 C=C 1ag C=0 s UINAINNITIH 11T
9 1 Y v
uagmsinaeendatureaiionulviamviuaugurginl¥lumsnagevuazyuia

U

4 X @ I a (% o
anuassaaun Ilihnldlunmsnageusginsenuanuiuse fase ldnmsufFouieou
o A A dil [ = a o A A Y a I d I 4
VUAVDINUTE C=C tiag C=0 NMNVVUNAINAMIANBIITeNT 0913 I Aalulosigue
WSeumeuszrnadmrianinanisanie lihvazaurvmaada vy 1ilua1s19 6.5

Y 1 a o Y = [ A
ﬂ?’l’)EJNﬂﬁ’)tﬂﬁ131‘HIﬂ’i\‘iﬁ'iNﬂ?ﬁlﬂﬂﬂ]@ﬂﬂuﬁuuﬁﬂﬂﬂﬁgﬂﬂ 6.60



109

100i
90)
80;
70)

60,

50

% Transmittance

40

N
30 ______________________________________________________________________________ —
L

20 ===~
4 4 2 o
% nnyuveInuse C=C waz C=0

10 1 A = 13 A A 1A S Aa 9
LQJE)L‘VIEJ’Uﬂ‘lli‘T"IElLﬂL“IJa‘VIhliJLﬂﬂ‘ﬂiﬁN“V]"l\ile‘IV‘h

n:l I I I I I
2500 2400 2300 2200 2100 2000 1900 1800 1700 1600 1500
Wave Number ¢cm '

A Y A A da! v a aa 9
gﬂ‘]/l 6.60 WUTEUDI C=C l1ag C=0 ‘Vll,Wll"ll‘Ll‘Via\‘lﬂWﬂLﬂﬂVli’f]\WlNll‘V\l‘V\h

1] 1 1] Y 1]
Q13199 6.5 OATIAIUNMNVAUYDINUTLIZH I C=C t1az C=0 ludumnianmna

n3osm IihaameudlulesiFua duaemdalvil

. punniinedely | ANNDUDS sas1dud fjvmﬁauﬁﬁwﬁu
giedudyae | ) .3

(°C) 399U (Hz) | tWNYUUDIC=C Y9IC=0

50 38.71% 62.12%

100 41.93% 73.91%

Sine wave 25 500 35.48% 65.21%
1,000 29.03% 56.52%

2,000 35.48% 73.91%

50 47.32% 81.43%

100 46.12% 76.39%

Sine wave 60 500 48.38% 73.10%
1,000 45.16% 71.30%

2,000 45.16% 75.54%




110

] 1 ] Y ]
Q13199 6.5 HAAIADATIAIUNNUIUVDINUTLILHUIN C=C uaz C=0 luduraiing

a a I < o a ] 1
n3oam Iihaameuiulesidud nuaandalvil (@o)

sUnpdudaan | quuginaden | anwdves SaTaun | sanaduiiiuiy

(°C) 59AU (Hz) MiAYed C=C Y93 C=0

50 49.56% 67.21%

100 40.66% 65.21%

Sine wave 75 500 47.98% 66.56%
1,000 25.54% 45.32%

2,000 45.23% 65.86%

50 29.03% 60.87%

100 22.58% 52.17%

Sine wave 90 500 35.48% 69.57 %
1,000 25.80% 43.47%

2,000 38.71% 73.91%

50 16.12% 43.48%

100 25.8% 52.17%

Triangle wave 25 500 25.8% 52.17%
1,000 41.94% 82.6%

2,000 35.48% 60.87%

50 22.58% 47.83%

100 19.35% 39.13%

Triangle wave 60 500 25.8% 56.52%
1,000 54.84% 91.30%

2,000 61.30% 98.00%

50 38.70% 73.91%

100 38.70% 69.56%

Triangle wave 75 500 38.70% 69.56%
1,000 38.70% 69.56%

2,000 38.70% 73.91%




111

] 1 ] Y ]
Q13199 6.5 HAAIADATIAIUNNUIUVDINUTLILHUIN C=C uaz C=0 luduraiing

a a I < % a ] 1
n3oam Iihaameuiulesidud nuaandalvil (@o)

sUndudame | quugiinaaen | anudves sasdui | sandadiitui
(°C) 15991 (Hz) MiAUe9 C=C Y93 C=0
50 35.48% 69.56%
100 29.03% 56.52%
Triangle wave 90 500 35.48% 73.91%
1,000 45.16% 86.95%
2,000 45.16% 73.91%

v 9 v
MINVAUVDINUTE C=C tiag C=0 luaemanuiu XLPE luduvian

'
a S A A a

] H Y
Aavivama i duesesdududamadeuoiguesnuiuifanisama lwih Tlasezaiueg

q
I

9 [

v A [ = a o A A o A EX =
vaNUDveITIAU luMSANE1INY qmwgmm“lsmazaﬂuJauj1m3ﬂﬂaummuﬂﬂumiﬁﬂy1

[

8

(o))

6.5 MINIaVINTIAI1IMEMNVIRHIY XLPE MEriasnnmsanyiag

nIvamalnih

I a o @

N13A52980U 1ATI3 19N1NIeNINYBIRUIU XLPE 1T unmsiigatiuazdudui
A 9 A a A A Y
msasuudasvesInseadanianen1nuednuiu XLPE Mtnanioand Inih msasivaon
9

TA9a519N19MENINUD UL AUIU XLPE Haan15any1I9eNn30an19 1faz 14ndoq

4 1 [ a [
90035571 OLYMPUS ju SzX9 lumisasivaeuanyazaeaniosniavihniendsnin
Y Yy J v Yy A A A ] A A A
M3IATITOVAIeNa0Ianssminield 2 sUuuufe wiswuuwuuaaslugii 6.65 uazvios

suunaalugli 6.66



112

T PNRE (88

317 6.65 Tasaard1amamenimueanudu XLPE mavzosna IWihuuuadrony




113

517 6.66 TaseadunenmenmusInuIu XLPE anioana lihuuuadiens




114

66 asi

Q

j 1 1 QU a 1 a 3 g
o luuni 6 lanandeanvuzglunuveanisanaldihnmaruluiie

AUIU XLPE ﬂiSﬁJ’Jl.!ﬂ13”3Lﬂi1$‘VﬁﬂiQﬁ%}"lxi‘lfl"l\i!ﬂﬁuaziﬂiﬂﬁ%}NVlNﬂ18ﬂ1WﬂJ@\1ﬂu’Ju XLPE

A A 4

Ao Y ) Ay v = Ay aa 9
LN Wﬁi]‘Llllﬁ8Elufluﬂ’ﬂllgﬂ@]?N"lI’ENEU?Jﬁ;l]ﬁ‘l/lllﬂ‘tnﬂﬂ"liﬁﬂ']%’mﬂ‘l/li@ﬂ1/]1@11/\]1/11114111!’31! XLPE

G

Fagnunsnosurefadeninanegluunvenisama i Taseadramaniivaz Inseada

Y
NMINNUDINUIYU XLPE 1daail
@ A A 9, d' a 49! i’ d' Y [ d' [
dnyazypanioan Inihamavunieluiionuiu XLPE e 1dusasuasn a3l

Y
=

a @ A Aa 9, [ ~ [ Y ~ = lo (%
MInaLazveea1v093 094 Inihausgiuanudveusaau Tuih Tasnanudddasing

U

a @ A a 9 < o o Aaa Aa X I 9 @
NaazYeeAIv0n3 0919 Iihnazd dnpuz jlunuvesns dsinaruzilunuuadieny

Y
=2 [ (3 =

] 4 A @ a ] 2
W'l nazdionnudvewnssau Iihgeiudasversarvesnidanma luihnezgeaiuauly

U

'
(9 a

~A A A o Y i A
arouazglunuvesnsvvazlianyuzadienunmsuanniniuvesau lifiloNosamaves

©Q

Y
a o a = % 2 =

1A a ] 1
AUNRDUIUSNMNITINATDU WU’J’]ﬁQﬂ!WﬂNﬁQTU@@iTﬂ’]T’UEJ’IEI@]'J"U’ENW?’@QW'N]IW%’I\I']ﬂﬁ]$f,;f\‘iﬁu

Q U U U

=

Y A A o 4 o ' A o 7 A
ﬁm‘lﬂma Llﬂglll’E]Wﬂﬁ'ilﬂWaﬂlﬂﬂﬁiy}iﬂWﬂ!ﬁﬂﬂﬁulliﬂﬂuWU’ﬂ gﬂﬂauuidﬂu”lcvu uazgﬂﬂau

g U

[ = 1 1 o a A A Y A A o =
LLiQﬂ‘HﬁWNL‘HﬁﬂMi’NNEW]EJﬁﬂ‘Hm$Llﬁ33‘]JLL‘]J‘Uﬂ1§Lﬂﬂ‘ll’f)le'§fN1/]N‘lV‘h/\hﬂ’f) gﬂﬂauhlenuw

Y
= A

AW (50Hz 100Hz) N5 09019 Tihimeduiimsversdiediesdn q Tansuzadiony 1l

=\ A g 9 1 [ A A 9, A a 1% A A
UNITUANNINTUTIVIUDY LW]ﬂ@nﬂﬂ‘]J‘Vlﬁ?)QVITQ"!)V‘IWTVILﬂﬂ%1ﬂﬁmm1m§ﬂﬂﬁUﬁ1NLﬁaﬂN

a 2 @ ' < a ' Y
fﬂglﬂﬂ%uuagﬂlEJ”I‘(’JGI’J@?J’N?’J@E?'J flﬂ’]il!ﬂﬂﬂ\‘]ﬁﬁﬂﬁ’]e]ﬂl]']ﬂ ﬂ’]ﬂllﬂﬁq@ﬂ1ﬁﬂ'lﬂll3\1ﬂu@']ﬁ]

[

i Nl luilenudu 1agiinawdga(500Hz 1000Hz Hag 2000Hz) dayanuglaau

g9 U

d'aéj Y

d Aaa Y A o o 1 <3 =\ A
Tanl 599 I nmad Uty LT VEIEEIDE195 A1 UATUANNINIUETIVINN
1 [ [ [ A A A A 9 A a dﬂ@’ A o (2
ualunndududyaugUaduaumasunssanaldihnmeyuszlianvazmsveroaa
1 9 FY 1 9
9819951 ) Adrew i
o a J 4
Taseadaniaaliveanuiu XLPE 9211013521A3512 ¥ 8201504 FTIR Tasldna
a 4 < o 1 o ) A dg! @
Aasgveenu 1 uzduuuniin uaziin1anns WL ININSMUIAM NNV INUTY
~ L @ A 2 g sl @ a P
C=C uaz C=0 uaadlua1s1an 6.5 Fudumsuaaamanuiwi e S Fua nanmsasIzH
Y = d' a A A 9, dy
Taseadramaaiiaeanuau XLPE itnan3sania Wil luilionuiu XLPE ansodagil
[ a PN 3 a&‘ [ a
amanvuziazgdunuvesniowna lihimatuluiionuiu XLPE a7 mssanma i
v 1A - 1 o 1 Aa 9 Y]
uuuadenuiinosFuAMINNAIUY0UTE C=C uag C=0 1nnImioan 1 Ifhuuuade
A ] I~3 i1 1 o
nq eg1a lsnaunanisnstaey Inseadamauaivesnuiusvnaianasiilinaanlunisin
a ° 9 o YA = o 9 A ' 9
aoaa lliimsasaaeudesdalntivuie 60 pm Feazi lduasdususanggriuldae

@ a { a a 2 o a {a 2 @ 1 <
msdaamamdannansoan IlihivazihldnisanalWihiinedugnaautseoniilunaie



115

1 d' a A A 9 j a zg an 4' (%
drutiosninmamanisanielihmeluiionuiuszinaduluginuuawiia ilegnaa
[~ 1 o o a o { 4
pisifunatedrundni llviimsasiaeudlomaiia FTIR o1 Idwai lanaramaon 'l
I a
NANUYUIT
o a J J o
Taseard1anemenmaesnuiu XLPE Mmsansiginasiondosganssa 1491ns
g a g a d' a S Aa Y 1
ATIABUNUAINIINIENINVD UL DRUIN XLPE Tuvsnaimanisanialai wuailu

o

o I A a A A 9| dy A o I 1 1 <3 Y=
mu‘ﬁmmﬂﬂmmﬂN‘lWWﬂuLuaﬂmu%uaﬂymmﬂu%mwwmmaﬂ W“]J'if]ilhlﬁuﬁ 1
9

P
=

1 ' @ a 4 ' I a [ AR]
99U ] POIINWNUU G]NLﬂﬂi]’lﬂﬂ’lﬁaﬁG]ﬂﬁ%‘U'Nﬁ'JuLﬂuna’lu'lug‘]ﬂg‘]ﬂﬂulﬂu@?”]!ﬂﬂiﬁﬁﬂi\iﬁﬁ%‘i

o o o I
NHNMINTNVBIRUIUYNNIAYAN LLﬁ%ﬂWiﬁﬂuauﬁMﬂﬂﬂ!ﬁNUﬁiuﬂ’lilﬂuﬂUQU



=
Uunn7

Y
ﬁ?ﬂ!!ﬁzﬂlﬂlﬁﬂ’ﬂ!!ﬂ%

71 asd

Q

aAav A a

o’dy ~ 9 [ = A A 9 a
NUIIINeTNUFREITnumsAnyIMIoan 1 Iih luamaaidansagenuiu
XLPE d1115U52 VUM UI8 22 kV #28015An 8135808 1dan112anuinT ean1ausaqy
G 9 A = [ a % [ A A
ANNATEANNANNTOU NI IDITTEMTINA MIVEIAT HazanyazFUIUDYeN5 D9
g A a 2 9 ? a o P v ¥ 4
i Iihinfevulunuiu XLPE wiounsimiizi Inseds wunanmenimalondosganssen
a a 4 a 4 I ) @ o
ames 1o 1Az nI 2R Insas umaniiaie3s FTIR todludeyadmsuldlumssuilgs
a s o o a Y 1 Jd Aa 9 A
avaunedmes mhwnindumanda Iianuamuaedsingmsainioania lnihners
a 49! d' 1 = 1 1 o w Y o a Aav Aa a 4
WA nazidesnonNugay T luszundanieiias Wi msduiiuauiteinerinus
1% 1 dy Yo 1 @ k4 o Aa Aa o o
aananilldduiegarsainiaglszaea lasausoagdnanmsdutiuaiuidouaziaun
a I o 1 Y
madennssuiudeaslla awe 1
d‘ Y o o w d' ' = o w a
und 1 1@ naueanudiaguazimvesynr Tasnandeanudidyveinisna
a a % I 4 a o o w a
visoan Wihlunuiumenda sullumsi@euerglusondaszuudenieias lWihaiia
niknilanudiAgaeszuURLINVBIEIBAan iU XLPE HosninTutlgiulimsdnyie
~ ) S Aa ¥ A Aa 9, A Aa ¥ o v ' ]
Menulsngmssinsonauuns o lihuazununidsnminuedisunsnatena Tan
[] 4 a J o 1 4 a [
TaeTigasjsnanariloAndeauauesmainailsingmsaiaanaid e lunsdesiunse
=S d‘ a 1 1 d' % é 1 9 1 1 1
uA 1 1ANEREIANUAANT IR 9 NazA 1IN IUABHIFI0 1 T AN BT IADT LUV AIT1Y
maa lnfhuazevszaana ldinnudesiuveaszuuaia o melullszmadadie Faauide
1 = [ d Aaa Y o P
a1 4 heanulsingmseivioelavueue 13 luund 2
A I ) = a A A 9 [ a Y A
und 3 Wumsiuauenguuazavuagiuinerdosnudianda i auainiaves
v
A1 tazauauAYeInUIY XLPE Tagna1nda1isuIn1suedaioaidanaoanaung
a1y Tnseaduarudidgaie q vesaneaa nazeduledoauaz doideunInuiIua1g o
~ EY a A A d a 1 A o o = A
M luenanda puaviAveaneamweiyiaa1a « Mhwintuauiu soulddeimsdonoy
a = | 1 d' Jd Aa %,‘ Jd Aa
yoadaa lunIala1g o 15U MIIFToND1gINYTINNITAINTB991n U51ngnIaing o9

Y. A q9 v Y a v !
maIlih e lvidn lade Tassadwvesmaniiaegvaziden M3 ldauediagnis



117

= ' = = a v A A 9| a
N 4 na1dInIseenuUUgAfnE1ITeNI 09N Idih luasiaidianuau XLPE
9 = a o A a = o 1 = a o ]
msasgadnyIveameenuuy 13 laseiutensesnilsznouais q vesyadnu1ITe0E1
azidea msmsonigalunsiveldun semidanuiu XLPE msdaaetaia nseuds
a A J c&’ A4 a X (% a ~ aw v & @ 1

wdaie laanusuiimaduninmsdaaignia N151A308015398 N15IANVAI019A 1Y

A A o awv = awv A a Y a 9 o
iianazai e tagmsane1Idens 09 lih lueembanuau XLPE vz ldmisdians
~ A = 9 = ¥ A ao
ANIZNYANNIATEA A ANNATEANI W tazanuaTsanennuion tledny13de

H Y
wioamalwihuaznSeuiisuanyuz gluuvvesnssam ihimavusinmssassaning

]
A

1 a v JAa v [ ~ a o 9 [ 4
a19 9 Tumsiverz 1dnnauseau 8 kv asfinaeaniside 19gdadudynia laivaz i

d’ [ d' a o 9 d‘ (% 9| g’; 1
aqudguisavasylun1sive ldanudveaussau liilasua 50 Hz 100 Hz 500 Hz

a

1000 Hz 118z 2000 Hz A a9y 19gmunil 25°C 60°C 75°C uaz 90°C AWd 19y 911n1uiih

QU

= Ao o a o Y 9 S
Naﬂ1§ﬁﬂ‘]&ﬂllﬁ$’3fﬂﬂllﬂ1/nﬂ1§’JLﬂiTgﬁIﬂi\iﬁﬁ"l\ﬁ/]%‘]ﬂ'lEJﬂ'l“WLl'd$Iﬂ3\1@'§1\1ﬂ1\1lﬂi]‘l]@ﬂﬂu'lu
XLPE luuni 5 ao 'l

A < o =1 a o ~
UNN 51 umsiiauenNanISANYILAZ NI 0 mw'l%lﬂﬂumﬂmmaamu XLPE

=

AN SIaeanNAS BRI Lﬁ@ﬁﬂmﬁ’ﬂym:gﬂuumam'%ﬁmn"lwgflﬁgﬁmu
lunuau XLPE aunsoutauanyagmsinala 2 upude nioana lihuuununaznios
malifhuuuis Taeuinsaneeemdu 3 sUuuu1dun Anmavesnnuduswwuiifinase
mstnansseme ¥ lunuiu XLPE Anpwavesgamgifiinadenisianssan lulfh

= [ A v Ax 1 a aAa 9
ﬁﬂHWWa"U@Qﬁifg@ﬂﬂlgﬂﬂﬁuu’i\iﬂuﬂﬂWﬁ@]i’]ﬂﬁlﬂﬂ‘l/li@QﬂNUlWWT

'
v AA

= A a S A 9| o S A
1) ﬁﬂ‘H1Naélli’]\‘1ﬂ’J”IﬂJﬂLLiQﬂlWI?JG]@ﬂ"lilﬂ@‘i/liﬂﬂ‘i/]”lﬁﬂﬂ? NITVYIIANIVDINTBINI

Y ?x}; 49! "o = o Aq Y A A 421 (Y a o S a
IWinivduegnuanudves s un 1% Tasin1udgeiuonsIMsInaNaz Y 1R IVDINT 09

Y

malnihazaavuenlildae

U
=

2) Anwavesguugininagensimanione i msveredvesnssanaih

3’; 49! (Y] Qd‘ 9 d‘ a dg@l [ a o S A Y

HuIuegnuguuginly Taehgungigeuudasimanauazve1ea1voans0n1e Iilih
2 ~

W ’QQ"UHGIHJ"]JJWJEI E]ElNlliﬂGHiJ L!JJ’JTﬂ’JTZJifJL!E‘NWaGlﬂﬂi’é]ﬂﬂ%ﬂ%h"hﬂﬂﬁlﬂﬂlm LU1A

o X

] 1 [ o =<K 1 o A A
Eraunalugreanuavesusanu i (50Hz 100H2) aAnudeundslaansailiniss
@ g a L a =1 1 o
naIihveedieanldsunsgnunasnaind luaurueaniia XLPE 18 iioauainld
A A A 9 A 2 A 9 [y 4 A = A A
neveansoan1e lihilvunalnaiunaziiogalondesganssmiames lowui1 #0913 o9

Y Y
ma T uuny

[

= [ A v Aa 1 a A A 9,
3) ﬂﬂETNa‘UﬂQﬁﬂJﬂﬂmiﬂﬂﬁulliﬁﬂu‘lﬂilWﬁﬁ’t’)ﬂﬁlﬂﬂ‘ﬂiﬂﬂ“ﬂNllWWWﬁﬂlﬂlm“’ﬂJ’fN

VIS’EN‘VI'Nul“l/\l‘l/\h“l/lllﬂﬁﬂﬂﬂWSGlGlfﬁﬂJﬂﬂﬂlll“]full,ﬁ ﬁWiJLﬂﬁfJiJ‘JJﬂ’JHJLLﬂﬂ@]NﬂUﬂ@ sﬂﬂau‘lmu

g

A A

HANAA (50Hz 100Hz) mﬂ‘mawN"lwwmuuwmmﬂ@mﬂummmﬁv\lwmmﬂmﬂ



118

A

I a
ngﬂﬂﬁuhlcﬁu‘ﬂﬂfﬂllﬂﬁﬂ

G

(% A A a A A Y 2 [
dyaragdaduaumasunanisania i une nazday

g

(500Hz 1000Hz 18 2000Hz) N3 09ntnavuAe NIoan1a T muung ualunianduny

o o

A d‘ A A Y d'a dﬂf =1 o ] 9 A A
dygrugdaduammasunsoan e liihinetuszlidsnsuzmsvesdioe1991 9 (M50

] < 4 { a £ Y a 1
W) 9619 l3naw enadouNgurigaliu (60°C 75°C uaz 90°C) TavsaIngurglazdIng

Q

' A o A a 9y Aa Aa X A o 3 A a A A
G]E]ﬂ’liLﬂﬂllagﬂ’li"UfJ’lEJG]3%@\17]5@\11/]’l\?l’lww’]Iﬂﬂmﬁ@ﬂmlﬂ@muﬂguaﬂﬂmglﬂuﬂiaﬂllﬂﬂﬂQﬂ@

~ Y] ] < a S Y
UMIVEEHID6195991537 LAZD1AUNAIUTNAII be
Y I a 4 A v K
M30529a0D 1ATIAF1IN1NMENINVBIR LI XLPE 1Jumsngainazgudunins
A 9 A a A A 9
asuulasveelnsaadanianenInueanuIu XLPE Mtnansoan1a Wi msasiaaen
9
Taseadanieamen i nvoailonulIu XLPE ¥aan13any139en3san1d ez ldndoq

yan3ssi OLYMPUS §u Szx9 lumsainvaenInseaiavesnsosnie dhuuunuegiinmg

v
a (3 1 A A

A ad = A a di! Y a ad
Lﬂﬂﬂi%ﬁ]ﬂ@n@ﬂﬂinﬂ!ﬂﬁWﬂ@LﬁﬂI“l/]ﬁﬂ qUDING \WILﬂWUL!%%LﬂJNUiL?ﬂ!ﬂﬁWﬂﬂ!ﬁﬂIﬂiﬂuﬁg

q LTl

2 ' A~ 1 A

adgd da! 9 9, A =
Fazeauauleiiszezrinannlaredian InsauiniuiGes q Inseasema IWihuuunezing
a o 1 Aaa 9 ' A a A A ]
NauaznIz1eaI1u10n1193 0919 Il uny vuraveanidwuunlauialvanan
== 1
3 DU
9 = A A a Y
M550 1ATIAF1IMUATUDIRUIU XLPE NHIUNITNATOUNT0IN19 MlHh
Y 1
UsIngWuse C=CuagWusy C=0 u dutiosw1vinnisw Ingd nagnisinal§nsen
a o dy a s A 9 dy a a
20NTATUVDUUDAUIU XLPE MTtnaniodnia Iihluiionuiuaiia XLPE aga1ine
m3sen Tl lunuau XLPE $91/5unamsinansguaunmsnidesdamnsniasmsidonsguos
Y o A A 9 A a z%l dy A A
2w XLPE 14 anvuzuazglunuveansssns lWihnmnayuluiienuiu XLPE n5094119
[ s I 4 A 3 Iy 1 a A
T uwuinlesiduamsiinduuesiuse C=C uaz C=0 wnnnzoan1e Iihuuuna
[ a3 9 = =1 d' d'
pd 19 l5nau M3asraetInssaiumaniionnlianuaaianasuilosningluuunas
%] ~ A 9 A a 49! Ay = 1 o ] A Aa Y
MINTLAUDINI 091 Wi adu s auiulianuuana1adury nsoan1a T
A (% d‘ :'a 1 a = [ 1T AA Y A
uuUWuMInszeaNauaueeg U NARINY uans 091 Iihuuunadinsnizae
U 1 t'a [ gz d’ ) 9 = d’ = d’
a1 limiuaue auiu dethuiaseaey InssadumauaiiionSouiiounansidons1gues
A Aa gz ~ 9 =\ A I a A )=} o
nIvanaaeanuuNan Ide1nlanuaaamasuesn luananuiluase ieieudunanis
Y v
a5 InTIaF 19N1aMen INU0 N3 0ama I naaesuuy wuamssama I wuuned
1 Sid' % o 9 a 3 ] 1 ] o
5095003 Indngunsesanuaum Itauiwiaiuresievmnalnanszaedioon li
A = [ A A 9 oA < 9 LY <3 (=
nndlenfssuieununs oane Iihuuuwuhueunuses lvdvesnuiu hisanu wuuaiios
[ 1 <3 v @ [ | 3’4
FOYFOITNYUIAANIAZNTZYNAINUOYV U
§ d o o a o =)
uni 6 Wumsiuauemssiassaun InihlumsdnyIsenisanalnihdne PDE

A a A a %] A A 9, v 3
Toolbox Glu MATLAB LW@@‘E‘U"IfJf‘l”IﬁLﬁll!ﬂﬂllazﬂ’]ﬁ‘uﬂ’lﬂﬂjﬂlﬂﬁﬂﬁ'E)QVI"NVH\IN'I tazduilu



119

o [ a d [
N15AT9AOUANNYNADUNNIZANVYDINTAIMUATZEzHI9eIBIaN Insatateunanny
sz tazusaau Wi nae ¥ suauiu XLPE lumsanyidsensoana il awIniih
gegalumsanyitenisamelWihnsegszning auwihgegavesasaatialunis 19

U q

a o 1 adg a
NUITINY MR ladlannsnuesnuIu XLPE (B, <E, <E)
1 Y
namsativuIseInentinus i Jveuunihlumsduiuiseineiinusaeil
1. mshmsnadenludesi lilinansznuanguuginieuen 1w HesllSuema
iomMInIuAuguHYN l1dniinaoansAne DY
4 [ 2 a <3 1 1
2. Weshimsaauazeumeaidanuiunal arsnulundesgyyinia wagld
a A d' dy d‘ Y v dy o Y = a o
FAANUIANDYANNNFUDONIINAUIN oD oInuANNFULazi liNan1TANYIITE

A Y
aaanaou'ld

9
7.2 UdAUOUUL
o a avu a a St Ay Yo Y a a 9
NAMIAUTUNUITIINHNUT NFLLazHaN e IFIRauuIRaLaz oI UDLIUY
Y
Tumsautivauiseas 1 lusinan deae lail

Y Y
1) ﬂ’NﬂJ‘Vilﬂ"lJ’EN“b'u\ﬂlmNEWI@@]‘i’]’ﬂﬁ@ﬂiﬂi\‘lﬁ%?\iﬂNlﬂNfJﬂNMWﬂ ﬂ']i@]ﬂ“]fu\ﬂug’%ﬂ

& o Ao 1

Y v
iATeeANTANUII UG vIIAgILa TIMITAvIIAA NURIYEITUOIL Az Idman 18
[ < a !
IndiResnuamnnuiluss anniga

2) lumsasvaou IATIa319MIaAl U9 RUIUAI8IATEY FTIR AN I8 UAHU

El
v
%

A ya v g’; a A a aAa 9 cgl
nasnaenlnianuivewazaseunquissnaiinansoane Iih luguawiu 9 vag
o ' A A Y Y A a
MmMsmAuRagie 1MUANYNADUNBINTINNGA

3) $1a0amatnansoama I luauiu XLPE ionfSsumeumsnansoana i

luns@ny1idensoan1a lfh teasrnaeualugndesvesanyuz jluuumsnaves

N30 Tl



Y Aa
INUNIID NN

#1518 Favazonn. (2547). Fenssulnihusege (miviiuilye).

ANINNUMNATTIUNAN AU ATHMNTTY NTTNTINQATHMNTTY Thai Industrial Standard ICS
29.060.20 W9n. 2202 2547

9330NA ALI3L. (2551). paanlatazmMInaaeuian

Andrew, J., and Peacock, (2000). Handbook of polymer

AL-Hamouz, “Electrical Diagnostic Techniques to Asses Water Trees in Extruded Underground
Power Cables”, 8" Annual IEEE Technical Exchange Meeting.

Boggs, S., and Mashikian, M.S. (2002). Role of Semiconducting Compounds in Water Treeing of
XLPE Cable Insulation. IEEE Electrical Insulation Magazine. 6(20): 1-5.

Boggs, S., and Xu, J., (2001). Water treeing-Filled versus Unfilled Cable Insulation. IEEE
Electrical Insulation Magazine. 17(1): 23-29.

Chan, J.C., and Cometa, E.T. (1992). Electrical aging performance of tree retardant XLPE versus
standard XLPE as insulation for distribution cables. IEEE Trans. on Power Delivery.
7(2): 642-6438.

Gulmine, J.V., and Akcelrud, L. (2006). FTIR characterization of aged XLPE. Polymer testing
25:932-942.

Jailani, M.F.B.M. (2010). Degradation of polymeric power cable due to water tree under AC
voltage. Thesis University Technology Malaysia.

Kim, D.H., and Park, E.J. (1998). An investigation of influence of semiconductive electrode
materials in breakdown and charge accumulation in XLPE. In Proceeding of IEEE
Conference Electrical Insulation Dielectrics and Phenomena (pp.546—549).

Miyashita, T. (1969). Deterioration of water-immersed polyethylene coated wire by treeing. In
Proceeding of IEEE-NEMS Electrical Insulation Conference (pp. 131-135).

Moore, G.F. (1997). Electric Cables Handbook., 3" edition.

Orton, H., and Hartlein, R. (2006). Long Life XLPE Insulated Power Cables. 7" International

Conference on Insulated Power Cables.



121

Suenaga, K., Uchida, K. and Hozumi, N. (2008). Location of Water Tree Degraded Point Along
XLPE Cable Line Using DC Voltage. International Conference on Condition
Monitoring and Diagnosis. Beijing, China.

Tawashima, T. and Maki, T. (1991). Study on water treeing retardant XLPE insulations. In
Proceeding of of the 3" International Conference on Properties Application
Dielectric Materials. (pp. 222-225). Tokyo, Japan

Uchida, K., Kato, Y., Nakade, M., Inoue, D., Sakakibara, H. and Tanaka, H. (2001). Estimating
the Remaining Life of Water-Treed XLPE Cable by VLF Voltage Withstand Tests.
Furukawa Review, (20): 65-70.

Vahedy, V. (2006). Polymer insulated high voltage cables. IEEE Electrical Insulation
Magazine. 22(3): 13 - 18.

Xie, A., Zheng, X., Li, S. and Chen G. (2010). Investigations of Electrical Trees in the Inner
Layer of XLPE Cable Insulation Using Computer-aided Image Recording Monitoring.
IEEE Transactions on Dielectrics and Electrical Insulation. 17(3): 685-693.

Yang, J.J. and Birlasekaran, S. (2005). Characteristic Features of Electrical Treeing in XLPE and
PE. Power Engineering Conference. IPEC 2005. The 7th International. (pp. 1-34)

Zheng, X. and Chen, G. (2011). Propagation mechanism of electrical tree in XLPE cable
insulation by investigating a double electrical tree structure. IEEE Transactions On

Dielectri and Electrical Insulation. 15: 800 — 807.



MANHIN

a d' Yo a A d \
‘U‘VIﬂ’J131’3“5171137“9]3‘”ﬂTiﬂ‘WNW!NEJ!!‘W‘i



a d' Yo a A d v
ﬂﬂﬂ’JﬁJ’J‘lﬂmﬁﬂvlﬂ‘i‘UmiﬂWNW!NE]!!‘Wi

Thiamsri, R., Ruangkajonmathee, N., Marungsri, B., and Oonsivilai, A. (2011) Effect of Applied
Voltage Frequency on Electrical Treeing in 22 kV Cross-link Polyethylene Insulated
Cable. Proc. of World Academy of Science, Engineering and Technology. Vol.60, pp.
376-381.

Ruangkajonmathee, N., Thiamsri, R., and Marungsri, B., (2012) Space Charge Distribution in
22 kV XLPE Insulated Cable by using Pulse Electroacoustic Measurement
Technique. Proc. of World Academy of Science, Engineering and Technology. Vol.72,

pp. 1138-1141.



124

World Academy of Science, Engineering and Technology 60 2011

Effect of Applied Voltage Frequency on Electrical
Treeing in 22 kV Cross-linked Polyethylene
Insulated Cable

R. Thiamsri, N. Ruangkajonmathee, A. Oonsivilaiand B. Marungsri

Abstract—This paper presents the experimental results on effect
of applied voltage stress frequency to the occurrence of electrical
treeing in 22 kV cross linked polyethylene (XLPE) insulated
cable.Hallow disk of XLPE insulating material with thickness 5 mm
taken from unused high voltage cable was used as the specimen in
this study. Stainless steel needle was inserted gradually into the
specimen to give a tip to earth plane electrode separation of 2.540.2
mm at elevated temperature 105-110°C. The specimen was then
annealed for 3 minute to minimize any mechanical stress build up
around the needle-plane region before it was cooled down to room
temperature. Each specimen were subjected to the same applied
voltage stress level at 8 kV AC rms, with various frequency, 50, 100,
500, 1000 and 2000 Hez. Initiation (ime, propagation speed and
pattern of electrical treeing were examined in order to study the effect
of applied voltage stress frequency. By the experimental results,
initial time of visible treeing decreases with increasing in applied
voltage frequency. Also. obviously, propagation speed of electrical
treeing  increases  with  increasing in  applied voltage
frequency.Furthermore, two types of electrical treeing, bush-like and
branch-like trecing were observed. The experimental — results
confirmed the effect of voltage stress frequency as well.

Keywords—Voltage stress frequency, cross-linked polyethylene,
electrical treeing, treeing propagation, treeing pattern

[ INTRODUCTION

RECENTLY. cross linked polyethyvlene (XLPE) material is
widely used as insulating material in high voltage cable
for electrical transmission and distribution systems because of
its excellent physical. chemical and dielectric properties.
However, under multi-stress, i.c. electrical, thermal and
mechanical stresses, and over a period of time, its chemical
composition and physical morphology may change without
avoidable. In consequence. its properties may alter, ie.
increasing of conductivity and dielectric loss and reduction of
mechanical, electrical and thermal strengths. Finally, ageing
deterioration of XLPE material may occur. Many phenomena
can induce ageing of XLPE material. Partial discharge is one
of those phenomena. Electrical trecing is one of partial
discharge in an insulation system of XLPE insulated cable.
Electrical treeing is not only the main factor affecting the
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reliability of cable insulation. but also the final destructive
formof cable insulation operating in the long run. Electrical
trees can be initiated from various defects in cable insulation.
such as impurity or local high electric field due to the
protuberance of semi-conducting shiclded layer. It is found
that the factors responsible for initiating and propagating of
electrical trees in cable insulation depend upon not only the
cable manufacturing technique, physical morphology of
insulation material but also depending on the frequency of
applying voltage[1-5].

Rawangpai et al. [6] reported the experimental results on
artificial ageing test of 22 kV XLPE cable for distribution
system application in Thailand. XLPE insulating material of
22 kV cable was sliced to 60-70 pm in thick and was

subjected to ac high voltage at 23°C, 60°C and 75°C. Testing
voltage was constantly applied to the specimen until
breakdown. Breakdown voltage and time to breakdown were
used to evaluate life time of insulating material. The physical
model by J.P. Crine for predicts life time of XLPE insulation
material was adopted as life time model and was calculated in
order to compare the experimental results.

Hozumi et al. |7] studied influence of morphology on
electrical tree initiation in polyethylene and insulation of the
XLPE cables under ac and impulse voltages.

Zheng et al. [8]studied the electrical tree growing
characteristics. The relationship between electrical tree
propagation and the material morphology in XLPE cable
insulation has been elucidated.

Xie et al. |9] found the statistical initiation and propagation
characteristics of electrical trees in XLPE cables with different
voltage ratings from 66 to 500 kV.They investigated electrical
treeing under a constant test voltage of 50 Hz/7 kV (the 66 kV
rating cable is from UK, the others from China). They found
that the characteristics of electrical trees in the inner region of
66 kV cable insulation differed considerably from those in the
outer region under the same test conditions.

Yoshimura et al. [10] reported results on the influence of
interfacial pressure on treeing deterioration in XLPE.
However, they did not find any clear change in the breakdown
time with increasing interfacial pressure.

Auckland et al. [11] focus on a mechanical approach to the
understanding of electrical treeing. In their view, treeing
initiation is believed to arise from fatigue forces induced by
the applied voltage. During the growth microscopic explosions
within the dielectric due to localized intrinsic breakdown will
create chock waves which lead to fatigue failure and fracture.
It is verified by experiments that tree growth may be
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controlled by the fracture toughness of the polymer as well as
by its modulus of elasticity.

Noto and Yoshimura [12] examined polyethylene under
various frequencies of ac electric stress. It was found that tree
does not follow a linear growth relationship with the
frequency. Under various applied voltages, tree exhibits
different growth characteristics with various frequencies.

Many researchers have studied the effects of morphology of
semi-crystalline material on the initiation and propagation of
clectrical trees in the past decades, but little attention was paid
to the influence of frequency voltage on electrical tree in
XLPE cable insulation [7-12].In this study, initiation time,
propagation speed and pattern of electrical treeing in 22 kV
XLPE insulated cable subjected to sinusoidal waveform
voltage stress with various frequency from 50-2,000 Hz were
examined. The effects of applied voltage stress frequency to
the occurrence electrical treeing were studied and elucidated.

1L TEST ARRANGEMENT

A. Specimen

In this study, all specimens were taken from a commercial
22 kV XLPE distribution power cable having copper
conductors 12 mm in diameter and XLPE insulation 6 mm
thick, as shown in Fig. 1. This type of power cable is used for
underground distribution system of Provincial Electricity
Authority (PEA) of Thailand. Unused cable was cut
intohollow disc with a thickness of 5 mm. Cable cover and
semiconducting layer wereremoved before the
experimental. Stainless steel needle was inserted gradually into
the specimen to give a tip to carth-plane clectrode separation

of 2.540.2mm at elevated temperature of 105-110°C.The
specimen was then annealed for approximately 5 minutes to
minimize any mechanical stress build up around the needle-
plane region before it was cooled down to room temperature.
A tvpical specimen with an inserted needle is shown in Fig. 2.

HYV electrode

25mm

Grounded _/'/
electrode

Fig. 2 Schematic diagram of specimen

B. Test Method

During the experimental, thespecimen was immersed in
insulating bath oil to prevent external discharges or flashover.
Testvoltage was applied from high voltage amplifier (8 kV AC
rms) with various frequencies at 50, 100, 500, 1000 and2000
Hz, respectively. The experimental was conducted at room
temperature (25°C).For each frequency of voltage stress, the
occurrence of electrical trecing was enlarged by using digital
microscope (5-500X)andwas continuously recorded until
electrical treeing cover = 90% of needle-plane gap spacing.
Electrical failure or breakdown of XLPE insulating material
was avoided. Schematic diagram of experimental setup is
illustrated in Fig.3 and actual experimental layout is illustrated
in Fig.4.

~—Digital Microscope 5-300X

—

Insulated oil ‘

High voltage
amplificr

1
Grounded

] Spacimen ;Nccdlc ‘

Light source

[ Function
Generator

Fig. 3 Schematic diagram of experimental setup

L = A
Testing Chaffiber™ d’

Voltage Diy |=:1C|'J

.

HV Amplifier
Fig. 4 Experimental Layout

1. TEST RESULTS AND DISCUSSIONS

From the experimental results, significant differences in the
occurrence of electricaltreeing at each voltage stress frequency
were observed. Three characleristics of electrical treeing, i.c.
time of first visible treeing, treeing pattern and treeing
propagation time, were analyzed and were discussed for each
voltage stress frequency. Video capture software is useful tool
for analyses the recorded video.

Incaseof applied voltage stress frequency at 50 Hz, first of
visible trecing having 0.4 mm in length was observed after
applying voltage stress for 31 minute. Electrical treeing
initiated from tip of the needle electrode and expanded to the
plane electrode. After applying voltage stress for 90 minute,
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the expansion of clectrical treeing reached 1.01 mm, Branch
like treeing expansion with slowly speed propagation was
observed for this voltage stress frequency. Caption picture of
electrical treeing from recorded video are illustrated in Fig.5.
In case of applied voltage stress frequency at 100 Hz, first
of visible treeing having 0.28 mm in length was observed after
applying voltage stress for 22 minute. Electrical trecing
initiated from tip of the needle electrode and expanded to the
plan electrode. Unlike previous frequency, brush-like treeing
was observed for this voltage stress frequency. The expansion
of bush-like treeing reached 1.07 mm after applying voltage
stress for 66 minute. Propagation speed of bush-like treeing at
frequency 100 Hz is faster than that of frequency 50 Hz.
Caption pictures of bush-like treeing are illustrated in Fig.6.
In case of applied voltage stress frequency at 500 Hz (ten
times of power frequency), first of visible electrical treeing
having 0.37 mm in length was observed after applying voltage
stress for 15 minute. Electrical treeing initiated from tip of the
needle electrode and expanded to the plane electrode same as
those two previous frequencies.However, propagation and
expansion speeds are faster than those of the two previous
frequencies. The expansion of branch-like treeing reached

1.52 mm in length after applying voltage stress for 80 minute.
Caption pictures of branch-like treeing are illustrated in Fig.7.

In case of applied voltage stress frequency at 1000 Hz
(twenty times of power frequency), first visible electrical
treeing having 0.43 mm in length was observed after applying
voltage stress for 9 minute. Also. electrical treeing initiated
from tip of the needle electrode same as the previous three
frequencies, 50 Hz, 100 Hz, and 500 Hz, respectively. The
expansion of electrical treeing reached 1.98 mm in length after
applying voltage stress 62 minute. Such treeing occurrence
indicates higher propagation speed when comparing with the
other frequency. Caption picture of branch-like treeing are
illustrated in Fig.8.

In case of applied voltage stress at frequency 2000 Hz (forty
times of power frequency). first of visible electrical trecing
was observed after applying voltage stress 5 minute. Apparent
of visible trecing is the most fastest comparing with the other
frequency. Branch-like trecing, also, initiated from tip of
needle electrode and reached 2.48 mm in length after applying
voltage stress 40 minute. Caption picture of electrical treeing
are illustrated in Fig.9.

Fig. 6 Electrical treeing of applied vollage stress frequency at 100 Hz

378
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5 min 14 min

Fig. 9 Electrical treeing of p]ied voltage stress frequency at 2.000 Hz

379

40" min
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TABLEI
COMPARISON PROPAGATION LENGTH AND PROPAGATION TIME OF ELECTRICAL TREEING

50 Hz 100 Hz 500 Hz 1.000 Hz 2,000 Hz
2= £ %E 2 PBE £ FE £ PR &
BE g 38 8E g S& B 3 E g
[ = = = =
040 31 0.28 22 0.37 15 043 9 0.78 5
041 43 031 28 0.41 21 0.51 15 0.81 7
043 37 0.39 33 048 25 0.59 20 087 9
0.49 41 0.46 38 0.59 29 0.75 25 093 11
0.53 43 0.58 40 0.67 35 0.86 30 0.99 12
0.61 48 0.61 42 0.75 37 0.98 35 123 14
0.68 51 0.64 46 0.80 41 1L.11 37 1.32 16
072 55 0.73 50 0.91 44 1.30 40 1.38 17
0.86 59 0.81 56 1.06 50 1.46 44 143 18
091 63 0.89 60 1.21 55 1.53 49 155 20
0.96 69 0.99 60 1.35 59 101 54 1.63 24
1.00 74 1.07 70 1.41 64 1.73 56 1.75 28
1.00 84 1.07 13 1.51 71 1.85 59 1,98 32
101 90 1.07 80 1.51 77 1.89 60 2.13 36
101 99 1.07 92 1.52 80 1.98 62 248 40
In order to examine the effect of applied voltage stress TABLE I
frequency, propagation length and propagation time of EAGTEEN OFETECTRIC T THREING
electrical treeing were measured by using video caption Frequency Time Treeing Treeing
pictures. The measuring results illustrated in Table I and were _ Hy (min) __length(mm) characteristic
plotted together, as shown in Fig. 10.As shown in Table L 50 99 1.01 Branch tree
initial time of visible treeing (recorded video) decreases with 100 92 1.07 Bush tree
increasing in applied voltage frequency. Obviously, as shown 20 & 1.52 Franah free
in Fig. 10, propagation speed of electrical treeing increases pet - L Sk iee
e 2,000 40 248 Branch tree

with increasing in applied voltage frequency. The experimental
results show that voltage stress frequency is one of dominant
effect to the occurrence of electrical treeing. Furthermore, as
illustrated in Table II, Two types of electrical treeing, bush-
like and branch-like treeing were observed from the
experimental.

&5 i S ——
—B—50Hz
— 100 Hz
m—t— 500 Hz
2 —@— 1,000 Hz ||
—A— 2000 Hz
15 |
£
E
=
B
g 4 -
05 |
o ;
o E ) 60 80 100

Time(min)

Fig. 10 Propagation characteristics of electrical trees

IV. CONCLUSION

The following conclusions are given according to the
experimental results.

(1) Initial time of visible electrical trecing decrease with
increasing in applied voltage stress frequency.

(2)Obviously, propagation speed of electrical treeing
increase with increasing in applied voltage stress frequency.

(3) Two types of electrical treeing, bush-like and branch-
like treeing, were observed.
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Space Charge Distributionin 22 kV XLPE Insulated
Cable by using PulseElectroacoustic Measurement
Technique

N. Ruangkajonmathee, R. Thiamsri, and B. Marungsri*

Abstract—This paper presents the experimental results on space
charge distribution in cross-linked polyethylene (XLPE) insulating
material for 22 kV power distribution system cable by using pulse
electroacoustic  measurementtechnique(PEA).Numbers of XLPE
insulating material ribbon having thickness 60 pmtaken from unused
22 kV high voltage cable were used as specimen in this study. DC
electric field stresswas applied to test specimen at room temperature
(25°C ). Four levels of electric field stress.25 kV/mm, 50 kV/mm, 75
kV/mm and 100 kV/mm, were used. In order to investigate space
charge distribution characteristic, space charge distribution
characteristics were measured after applying electric field stress 15
min, 30 min and 60 min, respectively. The results show that applied
time and magnitude of dc electric field stress play an important role
to the formation of space charge.

Keywords—Space charge distribution, pulsed electroacoustic
(PEA)technique, cross-linked polyethylene (XLPE), DCelectrical
fields stress.

[. INTRODUCTION

wadays, XLPE is used an insulating material in high

voltage power cable. The advantages of XLPE are high

dielectric strength and electrical resistivity combined with
good physical propertiessuch as resistance to cracking and
moisture penetration[1-2]. However, under certain operating
conditions, their good electrical insulation properties may
become degraded. For example, trapped or low mobility
electrically charged species within the bulk can give rise to
space charge, resulting in localized electric stress
enhancement. This can cause further concentration of charge
and lead to premature failure of the material[3-4].
In a solid dielectric medium, space charge and electric
displacement are related by theMaxwell-Gauss equation. In
situations where quantities depending on only onespatial
coordinate, z, this equation is expressed as[5]:

dD(z
S p0)=p 4,0
where:
D(z) is the electric displacement,

P(z) is the total charge density,

N. Ruangkajommathee and R. Thiamsri aremaster degree studentswith
Suranaree University of Technology, Nakhonratchasima, 30000, THAILAND.

#*B.  Marungsri is  with  Suranaree  University of Technology,
NakhonRatchasima, 30000, THAILAND (corresponding author, phone: +66
44224366; fax: +66 4422 4601; e-mail: bmshvee @ sut.ac.th).

P:(2) is the volume density of space charges, defined as real
charges, beingpositive or negative, including surface and bulk
charge,

p,(z) is the volume density of bound charges, defined in
respect to materialpolarization P as:

dP(z)
AR =——
If the polarization is uniform along the z direction, the total
charge is the spacecharge.

Space charge effects have been widely recognized as one of

the major components of the electrical aging processes in
polymeric insulation, because it may raise the electric field
locally and hence initiate a degradation mechanism in
insulator [3, 6-7]. Therefore, it is very important to understand
space charge effects to polymer insulation.
PEA technique is a nondestructive method, which has been
developed to measure dynamically net charge density as a
function of distance through solid insulating materials under
an applied voltage. The principle of space charge
measurement using the PEA technique is well known and
reported elsewhere[5-6,8-9].

Kwang et al. [10] studied effects of constituents of XLPE
on the formation of space charge by PEA technique,
cross-linked part of low density polyethylene (LDPE)
encourages antioxidant and residual byproducts on the
formation of space charge in XLPE have been investigated.

Montanari et al. [11] reported results the effect of humidity
on space charge accumulation in XLPE at room temperature
and humidity concentration from 5 to 95%. Space charge
measurements were performed by using the PEA technique.
Different levels of DCconstant poling field were considered,
ranging from 5 kV/mm to 185 kV/mm.

Chen et al. [12] report the effect of mechanical deformation
on space charge dynamics in XLPE. Thin films were peeled
from a66 kV  commercial XLPE cable. Space
chargemeasurements under DC electric fields have
beenmonitored using the PEA technique.

Chonget al. [13]reports on space charge evolution in XLPE
planarspecimens approximately 1.20 mm thick subjected to
electric stress level of 30 kV./mm atfour temperatures 25, 50,
70 and 90°C for 24 h.Space charge distributions aredominated
by positive charge when tested at high temperatures regardless
of specimens treatment and positive charge propagation
enhances as testing temperature increases. This can be a major
cause of concern as posilive charge propagation has been
reportedto be related to insulation breakdown.

(2)
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In this paper, space charge distribution in XLPE insulating
material for 22 kV cable under different dc electric fields
ranging from 25 kV/mm to 100 kV/mm have been
investigated by using the PEA measurement technique. The
influence of electric field stress on space charge distribution
been investigated.

[LLEXPERIMENTAL

A. Specimens

Specimens for the experimental made from un-aged 22 kV
XLPE distribution power cables having copper conductors 12
mm in diameter and XLPE insulation 6 mm thick, as shown in
Fig. 1. This type of power cable is used in underground
distribution system of Provincial Electricity Authority of
Thailand.Numbers of XLPE ribbon with thickness 60 pm were
cut from the insulation around a cableby using a microtome.
All specimens were measured precisely before testing so the
thickness effect is neglected.

Fig.1Cross-section of 22 kV XLPE cable

B.Test Arrangement and Test Methods

The PEA technique was chosen to detect space chargein
specimens due to its simplicity in structure, low costand easy
to implement. A highvoltage pulse with 5 ns length is applied
to the specimenssandwiched between the two electrodes. The
pulseelectric  field produced interacts with  charge
layers,generating an electric force which displays charge.
Theconsequence is the formation of pulsed acoustic wavesin
correspondence of each charge layer with respect toneutrality.
The resultant acoustic signals are detected bya piezoelectric
transducer (PVDF) so that the chargedistribution in the
specimens under test can be obtainedfrom the output voltage
profile of the transducer. Theelectric signal obtained in time
domain represents thecharge distribution. The analysis of
space chargeprofiles is restricted to one dimension

The schematic diagram for the PEA system used for this
experiment is shown in Figure 2. The electric signal obtained
in time domain represents the charge distribution. To obtained
quantitative charge distribution, a proper calibration is
required [14].

Electrodes and specimens were immersed in transformer oil
in order to avoid surface flashover in air. The experimental
layout is shown in Fig. 3. To observe space charge dynamics,
the electric fields ranging from 25 kV/mm to 100 kV/mmwere

applied to specimens. The experimental conditions are shown
in Table 1.

TABLE 1
TEST CONDITIONS
PEA system Conditions
Electric Field 25-100 kV/mm
Pulse Voltage 400V, 3ns, 1kHz
Specimens thickness 60pm
High voltage Amplifier 1:2000

DC Snurccl

Top electrode

HV Amplifier ( )
I f Lower electrode
Specimens
[ S
Insulating oil
Oscilloscop

Pulse

»
/
b4
7%

I () Generator

RE-Amplifier

44— Piezo device

li]‘— Absorber

Fig.2 Test arrangement

Fig. 3 Test chamber

1. TEST RESULTS AND DISCUSSION

The PEA measurements were performed at room
temperature after applying DC field stressfor 15 min, 30 min
and 60 min,respectively. The experimental were carefully
conducted in order to obtain the precisely results.
Measurement results for each electric field stress level are
illustrated in Fig. 4, Fig. 5, Fig. 6 and Fig. 7, respectively.
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Fig. 4Space charge distribution in the presence of the applied electric

field 25 kV/mm Fig. 7Space charge distribution in the presence of the applied electric
field100kV/mm

‘— 60pm —“ As illustrated in Fig. 4-7, magnitude of space charge

604 : ; increases with increasing magnitude of electric field stress.

Higher formation rate of space charge obtained when applying
higher electric field stress. Furthermore, the relation between
charging time and the charge density at different applied DC
voltage can be seen.Under same electric field stress,
magnitude of space charge increases with increasing charged
time.

Fig. 8 and Fig. 9 show the relation between charging time
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60 ——Cathode and the charge density at cathode and anode, respectively.
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Fig. 6Space charge distribution in the presence of the applied electric
field75kV/mm
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Fig.9The relation between charging time and the charge
density at anode

IV. CONCLUSION

Space charge distribution characteristics in XLPE ribbon at
the applied electric fields ranging from 25 to 100 kV/mm have
been observed over a period of 15 min, 30 min and 60
min.,respectively using the PEA technique. The following
conclusions are given.
(1) The characteristics of space charge formationat the two
electrodesafter applyingdifferent magnitude of DC electric
field stress were obtained.
(2) Magnitude of DC electric field stress and time applying
DC field stress has an important role to space charge
distribution in XLPE material.
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