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Abstract

Electrical tracking is a formation process of a permanent conducting path across the insulating
material due to surface erosion under high voltage stress. The existing of leakage current (LC) on the wet
contaminated material surface causes the generation of surface discharges that resulted in the material
degradation. The effects of electric field distribution and current density on LLDPE-Natural Rubber blends
material were investigated using finite element method (FEM) analysis. In this paper, a variety of physical
parameters particularly contaminant flow rate, various applied voltages, material properties of permittivity
and conductivity were studied when nanofiller is added to LLDPE-Natural rubber blend. The simulation
works using FEM software of Quickfield was applied to the tracking test condition of IEC 60587 standard.
The results show that the electric field distributions are critical on the edges of contaminant solution path at
higher voltage level. The current density and electric field distribution is increase with higher applied
voltage. The polymer nanocomposite with 1-5 % of nanofiller exhibits a good resistance to tracking and
erosion test.
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1. Introduction

The wide usage of polymer as insulation materials in high voltage (HV) equipment has
led to further investigation in their performances, mainly in term of electrical aspect. The aging
of polymer due to environmental stresses can cause degradation of insulator polymer through
surface tracking phenomena.lnsulating surface are exposed to environmental stresses such as
contaminant, UV ray stress, pollution and low severity fogconditions [1, 2]. Leakage current (LC)
exists on the insulator surface when a certain voltage gradient is sufficient to cause the LC to
flow under a wet contaminant condition.The continuous flow of LC will heat the insulator
surfaceand the accumulated heat dissipation in narrow path on the insulator surface eventually
formed a dry band arcing at the surface of the insulator. Dry band arcing occurs at the lowest
surface resistance when non-uniform water layer is formed due to hydrophobicity loss. The
hydrophobicity feature in the materials can reduce the onset of LC by increasing the failure
time.Hydrophobicity loss could increase the development of LC and reduce the insulator
resistance hence contribute in degradation [3]. Meanwhile, surface discharges occur when the
air gap reached the critical flashover voltage across the dry band. Carbonized track and erosion
will be formed when an arc burns the insulator material due to surface discharges. The
carbonized track that developed pathway between two electrodes eventually will cause
insulation failure to the system.

To study the electrical performances of polymeric insulating materials, LC measurement
are used as the tools to indicate the deterioration of the materials [4, 5]. The online monitoring of
LC has been developed by previous researchers and this LC are acquired throughout the
duration of six-hour [6-8]; Indeed, the obtained LC are proportional to degradation of polymer
materials [9, 10]. The influence of contaminant conductivity was studied using three conditions
which are coastal with conductivity of 4746 uS/cm, industrial (818uS/cm) and NH,CI (550
puS/cm) and the result shows that industrial contaminant gives a smallest LCvalue of 327.6 mA
with the lesser degradation [11]. The study of hydrophobicity loss in term of LC waveform was
conducted ini [12] since the hydrophobicity loss of the materials affect the material’s resistance
towards surface tracking and erosion. Hydrophobicity will be destroyed by the presence of local
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high electric field and when hydrophobicity ability of the material loss, the tendency of the
surface insulator to degrade rise [13]. In the simulation analysis of electrical stresses on the
surface of insulator,the investigation of electric field distribution around water droplet or water
films are conducted by several researchers [14, 15]. Their result showsthat the contact angle of
water droplet in the shed model which applied voltage is perpendicular to the insulator surface is
neglected as the maximum strength of electric field are found to be appeared on top of the
droplets [16]. However, the contact angle of water droplets affect the electric field distribution in
the sheath model where voltage is appliedalong the insulator surface [17]. The maximum
electric field is lowest when the distance between two water droplets reduce and increasing of a
water droplet on the insulator surface [18]. When the contact angle of water droplet is low, it
forms water layer on the insulator surface. In tracking and erosion resistance experiment, the
contaminant solution layer are intended to be flown at certain flow rate on the insulator surface.
This can initiate the dry band arcing when the contaminant layer is dry near the ground
electrode when the voltage is supplied. Corona disharges emmision occured at the tips of the
droplets whereas the dry band arcing occured during wet conditions and water droplets
deformation affected the LC waveform obtained from the current density in the simulation [13].

The previous research in the field simulation is conducted mainly on the partial
discharge, phenemona with a focus of the void and water droplet as the parameters [19, 20].
There is little attempt to investigate the field simulation in the inclined plane tracking test in
related to surface tracking studies. Therefore, there is a possiblityto conduct this field work to
encounter the correlation between the field simulation and actual experiment. If the approach of
the field simulation in IPT test could forecast the result of the experiment of IPT test, then the
field simulation work can be used as another option in investigating the surface tracking
resistance. In this paper, the electric field, voltage and current density distribution are studied
using Finite Element software on LLDPE-Natural Rubber materials with and without nandfiller.
The analysis was conducted at various applied voltages under wet contaminant conditions. The
simulation works were applied on the test configuration of IEC 60587 standard tracking and
erosion test. The parameters used to investigate the electric field and current density distribution
of insulator surface are applied voltage, electric conductivity and permittivities of insulating
sample and contaminant solution.

2. Research Method

2.1. FEM Simulations

The finite element commercial software of Quickfield was used to investigate the current
density, voltage and electric field distribution on the surface of insulating samples. The
simulation was modelled according to the test configuration of IEC 60587 standard; the test
methods used for evaluating resistance to tracking and erosion. The simulation was drawn in
plane parallel 2D model class with the sample and electrode configuration is shown in Figure 1.
A rectangular specimen with a size of 50 mm x 120 mm and thickness of 6 mm was used as
sample to be tested.
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Figure 1. Test specimen with the electrodes

To investigate the effect of contaminant on the insulator surface, two patterns of
contaminant solution were drawn as depicted in Figure 2. Thispattern is chosen based on the
picture of the contaminant solution along the insulator surface captured from the actual
experiment. There are two patterns of contaminant solution flow are drawn in 2D in a plane
parallel which are pattern A and Pattern B. Pattern A is the straight and narrow path of
contaminant solution and the pattern B is bend and wide path of contaminant solution.An AC
voltage supplied of 2.5, 3.5, 4.5 and 6.0 kV was applied to the insulating materials of LLDPE-
Natural Rubber blends without nanofiller. The contaminant flow rate is adjusted according to the
applied voltage as stated in IEC 60587 standard. The top electrode is connected to HV
electrode while grounded at bottom electrode. In this study, only the insulating sample and
electrode are considered while other accessories are neglected. Table 1 shows the applied
voltage and contaminant flow rate according to IEC 60587 standard that used in the models.

HV
Sample Electrode <O & Air
surface
Path of
contaminant
solution
o] T Ground
Electrode
(a) (b)

Figure 2. 2D parallel model of different patterns of contaminant solution, (a) Pattern A:
straight and narrow path of contaminant solution and, (b) Pattern B: bend and wider path of
contaminant solution
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Table 1. Test parameters [21]

Test voltage (kV) Preferred test voltage for method 1 (kV) Contaminant flow rate (ml/min)
1.0t0 1.75 - 0.075
20t02.75 25 0.15
3.0t03.75 35 0.30
4.0t04.75 4.5 0.60
5.0t0 6.0 - 0.90

It is important to state that the materials properties particularly electric conductivity,
relative permittivity of the sample, contaminant solution and air are required for simulation
purpose. In this study, the relative permittivity of the air was fixed to 1, the conductivity of the air
is 2 x 10 Sm™ [13] andthe relative permittivity of contaminant solution is 81 [14]. In the FEM
simulation, the parameter used to vary the contaminant flow rate is the conductivity of
contaminant solution. The conductivity of contaminant solution was varied correspondingly to
the volume of contaminant solution based on contaminant flow rate as shown in Table 2. The
volume of contaminant solution was obtained from each contaminant flow rate shown in Table 1
and the conductivity of contaminant was calculated by using equation (1). The resistance of
contaminant solution is calculated using equation (2) by inserting the resistivity equal to
3.95Q.m as stated in IEC 60587 standard. The resistivity of each contaminant volume was
calculated for the second time to obtain electric conductivity by using equation (2) and (1)
respectively.

(1)

(2)

o
I
>R o~

where R, p,l and A are the resistance, resistivity, length of contaminant solution and area of
contaminant solution, respectively.

Table 2. Electric conductivity of contaminant solution

Volume of contaminant (cm®) 0.15 0.30 0.60 0.90
Area of contaminant (cm?) 0.70 0.77 1.18 1.24
Resistance (kQ) 65.83 32.92 16.46 10.97
Resistivity (Q.m) 92.16 50.7 38.85 27.2
Conductivity (S/m) 0.011 0.020 0.026 0.037

2.2. Insulating Samples Properties

The formulated thermoplastic elastomer material composed of Linear Low-Density
Polyethylene with Natural Rubber (LLDPE/NR) filled and unfilled with different percentage of
silicone oxide (SiO;) is presented in this work. The conductivity of each composition was
obtained from the conductivity analysis particularly polarization and depolarization current
(PDC) measurement [22]. The capacitance value was obtained from measurement of sample
using LCR meter between the upper and bottom electrode. Table 3 shows compound and
designation of the samples with their material properties. For FEM simulation, the materials
properties of conductivity and permittivity of sample material is required and the information can
be obtained in Table 3. The conductivity of each sample was calculated using equation (3) and
permittivity was calculated using equation (4).

o= Cgfj (1,0~ ®)] )

0]
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where &, is free space dielectric constant ( 8.854 x 10™'? F/m), C

and U is applied voltage (1000 V).

o IS capacitance of material,

c d
& = X% (4)
g A

where &, is free space dielectric constant ( 8.854 x 10" F/m), C is capacitance of material, d
is thickness of sample material (1mm) and A is area of sample (50.27cm2 ).

Table 3. Compound designation and material properties

Composition %wt Material Properties

Test sample ) Designation  Capacitance Relative Conductivity

LLDPE NR Nanofiller (oF) Permittivity (S/m)
Unfilled
e R 80 20 0 PO 120.67 271 2.944E-12
LLDPE +NR 80 20 1 Al 113.64 255 4.759E-13
+ SIOQ
LLDPE +NR 80 20 3 A3 106.63 236 4.356E-13
+ SIOZ
LLDPE +NR 80 20 5 A5 106.66 2.40 3.859E-13
+ S|02
LLDPE +NR 80 20 7 A7 118.60 266 8.055E-12
+ SIOQ

3. Results and Analysis

3.1. Electric Field and Current Density Analysis

The problem type chosen in this work was AC conduction analysis to analyse the
distribution of electric field caused by AC voltages in insulator materials. Variation of the field
with respect to time is assumed to be sinusoidal. For AC conduction problems, the field
simulator solves local and integral quantities is represented in the following equation:

(o)

where, electric conductivity, ¢ and component of electric permittivity, € are constants within each
block of the model. The complex vector of electric field intensity is calculated using equation 6;

E =—gradU (6)
And equation for complex vector of active current density is expanded to
J=0cE (7)

The electric field distribution and voltage distribution of the insulator surface for both
contamination flow patterns A and B are shown respectively in Figure 3(a)-3(d). The electric
field and current density value were measured along the contaminant solution path in red line as
shown in Figure 3(a)-3(d).Non-uniform voltage distribution was observed in Figure 3 (b) and (d)
where the distribution of voltage gradually decreases from HV electrode to the ground electrode.
Meanwhile, from the distribution of electric field, the electric field distribution seems higher at a
certain region especially at the higher current density pathas shown in Figure 3 (a) and (c). It is
believed that high current density can cause dry-band and eventually lead to arcing events
across dry-band region.The current density is the density of leakage current flowing in the
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certain cross-sectional area of the contamination solution conducting film.The surface
discharges are much related to the activity of the dry-band arcing that occurred in a certain
region constantly causes by leakage current.Higher electric strength distribution appears at the
narrow and edge shape of contaminant solution. At this region, the ionization process may be
occurred as the electric field intensity is concentrated at the edges. The electric field distribution
is more critical in the narrow path of the contaminant as shown in Figure 3 (a).

Strength Voltage
E(10°V/m) u(v)
RMS Magnitude RMS Value

1.320 2470

1118 2223

1.056 1976

0.924 1729
0.792 1482
0.660 1235

0.528 988

0.396 741

0.264 494
0.132 247

0.000

(b)

Strength
E(10°V/m)
RMS Magnitude

Voltage
u(v)
RMS Value

1740 2470

1.566 2223

1392 1976

1218 1729
1.044 1482
0.870 1235

0.69 088

0.522 741

0.348 494
0.174 247

0.000

© (d)

Figure 3. (a) Electric field distribution for Pattern A, (b) Voltage distribution for Pattern A,
(c) Electric field distribution for Pattern B, (d) Voltage distribution for Pattern B

Graph of current density and electric field distribution along the insulator surface are
represented in Figure 4 and Figure 5, respectively. As shown, the current density and electric
field are increasing towards the ground electrode for narrow contaminant path as illustrated in
Figure 4 (a) and Figure 5(a).At both patterns A and B, the average andmaximum value of
current density and electric field increase when the applied voltage increases. The maximum
value of current density for Pattern A are 0.076 Alcm?, 0.192A/cm? 0.323A/cm? and
0.614A/cm? for 2.5 kV, 3.5 kV, 45 kV and 6.0 kV, respectively. The similar outcomes of
increment in the maximum value of current density with wider path were within expectations.
The maximum value of current density and electric field is obtained at a distance of 3.5 cm
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measured from the HV electrode for narrow and straight contaminant path. It is noticed that for
each applied voltage, highest value is observed in the narrow and straight contaminant path.For
Pattern B, the maximum value of current density and electric field were found at a distance of
1.7 cm measured from the HV electrode. The maximum value recorded for current density for
Pattern B are 0.066 A/cm?®, 0.167A/cm?, 0.287A/cm?, and 0.537A/cm? for 2.5 kV, 3.5 kV, 4.5 kV
and 6.0 kV, respectively.The higher current density and electric field are recorded at the
bending-shaped of contaminant flow for the bend and wide path of contaminant solution as
depicted in Figure 4(b) and 5(b).

The results show that increasing in applied voltage causes an increase of both
maximum current density and electric field. It is believed that higher applied voltage may give
more energy for electron to get deposited on the solid insulator surface. The presence of this
charge increases the surface conductivity and leads to the increasing of discharge magnitude.
The large current density causes dry-band to be formed. This continuous process will develop
arcing sparks and causes degradation process of the insulating surface called carbon track.
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Figure 4. (a) Current density for Pattern A, (b) Current density for Pattern B
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Figure 5. (a) Electric field for for Pattern A, (b) Electric field for Pattern B
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As mentioned earlier, the average value of current density and electric field for both
conditions increased with the increased of applied voltage. The average current density and
average electric field that presented in Table 4 shows that there is not a big gap of differences.
However, the standard deviation (SD) for the current density and electric field shows a different
pattern. The SD for the electric field in the wider and bend path of contaminant solution shows a
small different range of 0.21 to 0.36. Meanwhile, a quite large different of the SD range of 0.17
to 1.0 reported in the electric field of straight and narrow of contaminant solution. The small
standard deviation value close to zero indicates the ranges of measured data are near to the
mean value. Thus, the data evaluate from the bend and wide path of contaminant are more
likely to be consistent and does not differ with each value. Unlike the electric field of straight and
narrow of contaminant solution, the range of measured data are in a wide range and not
uniformly as at some point the value are much more large or smaller than the mean value. The
SD for current density for both contaminant solution patterns is in the range of 0.0.2 to 0.37 for
straight and narrow of contaminant solution while 0.04 to 0.36 for bend and wide contaminant
solution. Thus, the range value measured in the current density for both circumstances is close
to the average value and not varied.

Table 4. Average Current Density and Electric Field for different level of applied voltage
Applied voltage (kV) 25 3.5 4.5 6.0
Average Current Density (A/cm %) for

- . 0.036 0.093 0.158 0.300
contaminant pattern with narrow path
Averag(_e Electric Field _(kV/cm) for 0333 0474 0.609 0.810
contaminant pattern with narrow2 path
Averagg Current Denglty (A/cm ) for 0038 0093 0157 0.300
contaminant pattern with wide path
Average Electric Field (kV/cm) for 0.344 0.468 0.604 0.810

contaminant pattern with wide path

3.2. Analysis on Sample with Different Loading Nanofiller

The contaminant flow rate chosen in this work is 0.6 mimin™'with the applied voltage of
4.5 kV; this voltage level found to be most critical on material erosion [23]. Five different
samples were studied by taking into consideration of dissimilar permittivity and electric
conductivity as shown in Table 3. It is noticed thatthe unfilled LLDPE and natural rubber blends
have the lowest permittivity and highest conductivity. Simulation analysis results show that the
polymer based material without nanofiller (sample P0O) recorded higher value in current density
and electric field compared to other samples filled with nanofiller. The maximum value of current
density and maximum electric field of LLDPE-NR blend without filler from the graph illustrated in
Figure 8 had given a value of 0.289 A/cm’ and 1.111 kV/cm, respectively. Meanwhile, the
samples with nanofiller have the smallest value of current density and electric field. This
demonstrates that the addition of nandfiller in the blends could increase the tracking and erosion
resistance. An experimental test on the same composition of sample A3 was conducted by
other researchers and they found that this composition shows lowest LC and no carbon track
formation. [5]. However, simulation results also show that sample A1, A3 and A5 have a good
resistance in tracking and erosion test due to the lowest current density and electric field
distribution of range of 0.285 to 0.286 A/cm? and 1.09 to 1.10 kV/cm, respectively. Fig. 8 shows
the current density along the insulator surface from HV electrode to the ground electrode with
sample A7 shows the high average value of current density. The nanofiller more than five
percent are reported as not beneficial to the blend [24]. Higher nanofiller loading in the blends
tend to agglomerate in the composition. When the mixture is not uniformly dispersing, the
compounds become rougher and this could lead to high LC density.

The average value of current densities measured in the samples is in the range of 0.156
to 0.157 Alcm?® and average electric field of the samples are 0.60 to 0.61 kV/cm respectively.
Although the difference from the average value was minor, the resulted of the tracking
resistance is significant. This was happened possibly because the field simulation itself has a
limitation. Table 5 depicted the SD of the current density and electric field.
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Table 5. Standard Deviation (SD)

Sample PO Al A3 A5 A7
SD of Current Density ~ 0.188  0.069  0.185 0.184  0.072
SD of Electric Field 0723 0265 0711 0709  0.278
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Figure 8. Current density distribution

4. Conclusion

The model geometry of plane-parallel two dimensional has been developed in
QuickField Finite Element Analysis software to study the effect of electric field distribution and
current density when controlled parameters particularly applied voltage, permittivity and
conductivity are varied. The simulation analysis that is conducted on the test condition of
inclined plane tracking (IPT) set-up show some correlation between physical parameters
involved in the IPT test condition. The physical shaped of contaminant solution path affects the
current density and the electric field distribution on the insulating sample surface. Analysis on
the sample with different loading of nanofiller demonstrates that sample with 1-5 % silicone
oxide nancfiller gives a good resistance to tracking and erosion due to the lower value of current
density and electric field obtained from simulation analysis. Thus, it can be concluded that the
results obtained from simulation analysis is ingood agreement with the previous experimental
results. It is believed that the results from the simulation analysis can be improved in the future
by considering other factors to be included in simulation works.
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