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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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50 Hz 100 Hz 500 Hz 1,000 Hz 2,000 Hz
VUIA 1301 UYUIA 1301 VU 3071 | YU 1381 VU 1301
(mm) | (min) | (mm) | (min) | (mm) | (min) | (mm) | (min) | (mm) | (min)
0.40 31 0.28 22 0.37 15 0.43 9 0.78 5
0.41 35 0.31 28 0.41 21 0.51 15 0.81 7
0.43 37 0.39 33 0.48 25 0.59 20 0.87 9
0.49 41 0.46 38 0.59 29 0.75 25 0.93 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 1.23 14
0.68 51 0.64 46 0.80 41 1.11 37 1.32 16

0.72 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 1.43 18
0.91 63 0.89 60 1.21 55 1.53 49 1.55 20
0.96 69 0.99 66 1.35 59 1.61 54 1.63 24
1.00 74 1.07 70 1.41 64 1.73 56 1.75 28
1.00 84 1.07 75 1.51 71 1.85 59 1.98 32
1.01 90 1.07 80 1.51 77 1.89 60 2.13 36
1.01 99 1.07 92 1.52 80 1.98 62 2.48 40
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25°C 60°C 75°C 90°C
VU 1 V1A M YU AN VU an
(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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50Hz 100Hz 500Hz 1000Hz 2000Hz

VIR | a1 | v | a1 | e | a1 | e | e | e | nad
(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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STRETCHING MODES
antisymmetric
BENDING MODES
scissoring twisting wagging

JU7 6.48 MIAUUVVNUFIUUBINY CH, (131 : http://e-book.ram.edu/e-book/c/
CM328/CM328-10.pdf)
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AT N 6.4 ﬂ')"lllﬂ"UfNﬂ13?;]ﬂﬂal!LLE‘NﬂuWﬁTLﬁﬂﬂlﬂﬁ‘ViHﬂﬂﬂ%uUN%u@ (N http://e-

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

Type of vibration ¥19ADU (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 J o a 1
A1IWN 6.4 ﬂ')"lllﬂ"U?Nﬂ1iﬁ]ﬂﬂal!LLE‘Nﬂuﬂﬁ“ﬁﬂﬂlﬂﬁ‘l’iy‘ﬂﬂﬂ%uﬂﬁ%u@ (919)

100

%¥29A8U (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 35803650 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
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A1IWN 6.4 ﬂ')"lllﬂ"U?Nﬂ1iﬁ]ﬂﬂal!LLE‘Nﬂuﬂﬁ“ﬁﬂ‘uﬂﬁ‘l’iyjﬂﬂﬂ%uﬂﬁ%u@ (919)
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%29A8U (cm’)

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)
1785—1815
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
es andKetenes -N=C=N-, -N,, C=C=0
NUYINE : str : strength

med : medium
wk : weak

var : variance
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(°C) 399U (Hz) | tWNUYUUDIC=C VYONC=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%
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(°C) LSIAU (Hz) AR 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%
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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%
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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 Hz. 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 treeing 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

I INTRODUCTION

RECENTLY. cross linked polyethyvlene (XLPE) material is
widely used as insulating material in high vollage cable
for electrical transmission and distribution systems because of
its excellent physical, chemical and dielectric properties.
However, under multi-stress, i.e. 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

R. Thiamsri and N, Ruangkajonmathccaremaster degree student with
Suranaree University of Technology. Nakhonraichasima. 30000, Thailand.

A.Oonsivilai is with Center of Excellence in Electric Energy, Smart
Materials. and Health Science. Postharvest Technology Research Center.
School of Electrical Engineering, Suranarce University of Technology.
Nakhon Ratchasima 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).

376

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 shielded laver. 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 electrode 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
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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

Grounded

Spacimen ‘ Needle [
(- [ Function
Light source Generator

Fig. 3 Schematic diagram of experimental setup

Voltage Div |=: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 electrical treeing reached 1.01 mm. Branch  1.52 mm in length after applying voltage stress for 80 minute.
like treeing expansion with slowly speed propagation was  Caption pictures of branch-like treeing are illustrated in Fig.7.
observed for this voltage stress frequency. Caption picture of In case of applied voltage stress frequency at 1000 Hz
electrical treeing from recorded video are illustrated in Fig.5. (twenty times of power frequency), first visible electrical
In case of applied voltage stress frequency at 100 Hz, first  treeing having 0.43 mm in length was observed after applying
of visible treeing having 0.28 mm in length was observed after ~ voltage stress for 9 minute. Also, electrical treeing initiated
applying voltage stress for 22 minute. Electrical treeing from tip of the needle electrode same as the previous three
initiated from tip of the needle electrode and expanded to the  frequencies, 50 Hz, 100 Hz, and 500 Hz, respectively. The
plan electrode. Unlike previous frequency, brush-like treeing  expansion of electrical treeing reached 1.98 mm in length after
was observed for this voltage stress frequency. The expansion  applying voltage stress 62 minute. Such treeing occurrence
of bush-like treeing reached 1.07 mm after applying voltage  indicates higher propagation speed when comparing with the
stress for 66 minute. Propagation speed of bush-like treeing at  other frequency. Caption picture of branch-like treeing are
frequency 100 Hz is faster than that of frequency 50 Hz.  illustrated in Fig.8.
Caption pictures of bush-like treeing are illustrated in Fig.6. In case of applied voltage stress at frequency 2000 Hz (forty
In case of applied voltage stress frequency at 500 Hz (ten  times of power frequency), first of visible electrical treeing
times of power frequency). first of visible electrical treeing  was observed after applying voltage stress 5 minute. Apparent
having 0.37 mm in length was observed after applying voltage  of visible trecing is the most fastest comparing with the other
stress for 15 minute. Electrical treeing initiated from tip of the  frequency. Branch-like treeing, also, initiated from tip of
needle electrode and expanded to the plane electrode same as  needle electrode and reached 2.48 mm in length after applying
those two previous frequencies.However, propagation and  voltage stress 40 minute. Caption picture of electrical treeing
expansion speeds are faster than those of the two previous are illustrated in Fig.9.
frequencies. The expansion of branch-like treeing reached

Fig. 5 Electrical treeing of applied voltage stressfrequency at 50 Hz

Fig. 6 Electrical treeing of applied vollage stress [requency at 100 Hz
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5 min 14 min

Fig. 9 Electrical treeing of pp]ied voltage stress frequency at 2.000 Hz
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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
5F £ 2 £ X & EX T E
BE g 38 8E g S& B 3 E g
= = = = =

040 31 0.28 22 0.37 15 043 9 0.78 5

041 29 0.31 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 bk 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 1.23 14

0.68 51 0.64 46 0.80 41 1.11 £ 1.32 16

072 55 0.73 50 091 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 1.61 54 1.63 24

1.00 74 1.07 70 141 64 1,73 56 1.75 28

1.00 84 1.07 13 1.51 71 1.85 59 1,98 32

1.01 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 ESTTERNOF ETHGTRIC AT TREFING
electrical treeing were measured by using video caption Frequency Time Treeing Treeing
pictures. The measuring results illustrated in Table I and were (Hz) (min) __length(mm) characteristic
plotted together, as shown in Fig. 10.As shown in Table I, 50 99 1.01 Branch tree
initial time of visible treeing (recorded video) decreases with ;33 gﬁ }2; Bl:r‘:llligl:rlcrze
increasing in applied voltage frequency. Obviously, as shown 1000 6 198 Brandh tres

in F1g. 10, propagation speed of electrical treeing increases 2.000 40 248 Biatic 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

IV. CONCLUSION

illustrated in Table II. Two types of electrical treeing, bush- The following conclusions are given according to the
like and branch-like treeing were observed from the experimental results.
experimental. (1) Initial time of visible electrical treeing decrease with
increasing in applied voltage stress frequency.
25 T T —r——— (2)Obviously, propagation speed of electrical treeing
i f‘gn'":h increase with increasing in applied voltage stress frequency.
e il (3) Two types of electrical treeing, bush-like and branch-

Length{mm)
P

2 —e— 1,000 Hz [1 like treeing, were observed.
—f— 2,000 Hz
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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.

I. 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
% =p(2)=p.(2)+p, (D)D)
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:

aP(z)
pp(z) =i az
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.

Outer Sereen

Conductor

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

DC Soumel

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
HV Amplifier Top electrode
Lower electrode
Specimens
Insulating oil
Oscilloscop

Pulse
} Generator

I

/

B

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

‘— 60pm —" As illustrated in Fig. 4-7, magnitude of space charge
: 5 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

and the charge density at cathode and anode, respectively.
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Fig.8The relation between charging time and the charge
density at cathode
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Fig. 6Space charge distribution in the presence of the applied electric

field75kV/mm
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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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