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1. INTRODUCTION

An advance improvement in power sector of nation has given a big chance to empower engineers to
conserve the power equipment for reliable operation during their operating life. Till now, it has been seen
that one of the main problems in high voltage power equipment is the deterioration of its insulation quality
[1-2]. In general, there are three different states of insulation that are commonly used; gas, liquid and solid.
For gas insulation system, air is one of the simplest forms of gas used as insulating purposes because it has a
unique feature of being universally and immediately available at no cost [3]. Futhermore, air has been
recommended as environmentally uncritical insulation media for gas insulated electrical power equipment [4-
5]. The resistivity of air can be considered as infinite under normal conditions when there is no ionization [6].
In advance, the breakdown of air is very importance to design engineers of power transmission lines and
power apparatus [4].

The electric breakdown strength of an air-insulated gap between different metal electrodes can be
enhanced considerably by an experiment. In the past few decades, a number of research works has been done
to improve understanding about the fundamental characteristics of the electrical breakdown. The research
results show that electrical breakdown characteristic of small air gap under different applied voltage has its
great significance for the design of overhead line, substation equipment and other various air insulated high
voltage equipment [1]. So, knowledge on the behavior of air breakdown becomes very important and due to
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this reason, there are needs to investigate the breakdown voltage and electric field properties of air during
breakdown processes in various environments.

A technique of determining electric field is needed to fully understand the behavior of air under
certain electric field profiles. It is difficult to properly measure the electric field at all locations between two
electrodes. For simple electrode geometries, the electric fields can easily be expressed analytically, but for
some cases the electric field problem is complex due to the complexity of the designed geometries [7-8].
Therefore, numerical methods are the most significant techniques to used in solving specific problems,
usually applicable when involving complex systems where the analytical solution is very complicated or
impossible [8]. This technique is being commercially used since it allows the user to avoid expensive and
complex trial-and-error laboratory experiments which are often very difficult to carry out [9].

In this paper, an air breakdown voltage test subjected to AC voltage was conducted inside a test rig for
various electrode configurations and gap length. In order to determine the maximum electric field, a finite
element method (FEM) is used for the computer simulation. FEM is a numerical method that is extensively
used to obtain solutions for various engineering and science problems, including those are associated with
electric field behaviour [10-11]. Thus, a simulation model of the selected electrode configurations with
various gap lengths is developed in the computer software to analyze their electrical field behavior inside a
test rig.

2. RESEARCH METHOD
2.1. Experimental Setup

Figure 1 shows a custom made test rig that was used in this study. This test rig is the courtesy of
Indkom Engineering Sdn. Bhd where it was designed with a volume capacity of 205 litres and can withstand
up to 70 kV in one minute.

Figure 1. Custom Made Test Rig

To represent various type of electric field, four electrode configurations as shown in Figure 2 are
used; plane-plane, R0.5-plane, R6-plane (also known as hemisphere-plane), and R48-plane configurations.
The plane electrode has a diameter of 100 mm. Meanwhile, R0.5, R6 and R48 electrodes have a tip radius of
0.5 mm, 6 mm and 48 mm, respectively. All electrodes are made of brass metal.
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Figure 2. Electrode Configurations
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In this study, a series of air breakdown voltage test was conducted by using AC voltages (power
frequency) and the test procedure of this test is complying with BS EN 60060-1 standard [12]. A minimum of
50 measurements on each experiment was taken for the purpose of statistical analysis. The results of air
breakdown obtained from the test measurements are then used in simulation to determine the associated
electric field for each electrode configurations.

2.2. Simulation of Maximum Electric Field using COMSOL Multiphysics Software

COMSOL Multiphysics 5.2a version software is used to model various electrode configurations
inside the test rig for electric field simulation purposes. Each electrode configuration has its own individual
model for further analysis its electric field behavior with their respective air breakdown results. In general,
there are three stages involved in order to solve a particular problem, which are the pre-processing stage,
solving stage, and post-processing stage. All the process involved in each stage is summarized as in Figure 3.

. Geometric Model: 2D axisymmetric plot
Pre-processing Parameters:

- Relative permittivity of air = 1
Material Properties: Air

Boundary Conditions:
- Electric Potential (Air breakdown voltage)
- Ground

Meshing: Extremely fine

Solving <:| AC/DC Module - Electrostatic
Execution Mode: Study- Stationary

Results: Electric Potential
Line Plot (1D)
Surface Plot (2D)

Post-processing

Figure 3. FEM Procedures in COMSOL Multiphysics Software

3. RESULTS AND ANALYSIS

Air breakdown test subjected to AC voltage was conducted in a test rig with a pressure of 1 atm.
During the test, it was recorded that the relative humidity and temperature inside the test rig are varied
between 44% to 78% and 28.3°C to 30.1°C, respectively. In order to ensure all the tests meet BS EN 60060-1
standard [12], it is fairly important to consider correction factors for each test condition. Therefore, all
breakdown voltage results presented in this paper are after considering the correction factor.

Figure 4 shows the experimental results of air breakdown for four different electrode configurations.
In this study, Uso is refers to the mean values of 50 breakdown voltage data. It can be seen that the Uso value
of air increases with increasing gap length for each electrode configurations. For each gap length, the lowest
Uso result is observed for R0.5-plane, while the highest is plane-plane. It is also found that the pattern of Usg
values curves for R0.5-plane is close to R6-plane, while R48-plane is close to plane-plane. This is due to the
effect of the high voltage electrodes tip radius. As can be seen in Figure 4, the difference in the values of Usp
between R0.5-plane and R6-plane are decreased as the gap length increases. However, the difference of Usp
values between R48-plane and plane-plane seems to be increased as the gap length increases especially at
above 30 mm.
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3.2. Maximum Electric Field Simulation
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Figure 4. Experimental Results of U50 for Air Breakdown as a Function of Gap Length

Based on the Usg values determined from the experiment, maximum electric field (Emax) for each
electrode configurations are modelled and simulated in COMSOL Multiphysics software. From the
simulation results, the location of Emax can be determined at a very high stress region in the electrode system.
Figure 5 to Figure 8 show the electric field surface plot (left side) and electric field curve plot (right
side) for each electrode configurations at 10 mm gap length. It is noted that the surface plot displays the
location of Emax, While the curve plot displays the electric field along the given length. The color table range
shows how the electric field varies between the electrode configurations. Dark red color represents the
highest (maximum) electric field while dark blue color is associated with the lowest electric field.
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Figure 5. Electric Fields between R0.5-Plane Electrode Configurations (10 mm)
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Figure 7. Electric Fields between R48-Plane Electrode Configurations (10 mm)
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Figure 8. Electric Fields between Plane-Plane Electrode Configurations (10 mm)

Reviewing Figure 5 to Figure 7, the Emax occurs at the tip of the high voltage electrode with dark
red color shade. The highest Emax value is observed on R0.5-plane, 9.594 kV/mm. Meanwhile, Emax values
for R6-plane and R48-plane are 3.734 kV/mm and 2.468 kV/mm, respectively. Besides that, it is also
observed that the electric field curve decreases exponentially along the 10 mm gap length for R0.5-plane, R6-
plane and R48-plane. However, the electric field curve for R0.5-plane is seems to be decreased more sharply
compared to the other two configurations. On the other hand, the Emax value for plane-plane is 2.303
kV/mm. It is observed that the electric field is constant along the gap length, differ from other electrode
configurations since there is no curve or sharp edge presence on the plane electrode.

For more in-depth analysis on the electric field behavior, simulation of Emax value of each
electrode configuration is conducted for other gap lengths (i. e. 20 mm, 30 mm, 40 mm, and 50 mm). From
the simulation results, it is noticed that the electric field plot for all electrode configurations are almost
identical as presented in Figure 5 to Figure 8, except for their Emax values.

As depicted in Figure 9, it is clearly shown that the highest Emax are obtained when R0.5-plane is
used compared to R6-plane, R48-plane and plane-plane configurations, although with lower U50 values. This
is due to the fact that the R0.5 electrode has a very sharp tip with 0.5 mm radius. As the tip radius of high
voltage electrode increases, Emax values are decreased. Moreover, as a function of gap length, the Emax
values for R6-plane, R48-plane and plane-plane configurations decrease as the gap length between the
electrodes are increased. In contrast, Emax values for R0.5-plane increases as the gap length are increased.
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Figure 9. Simulation Results of Emax as a Function of Gap Length
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Moreover, the relationship between the air breakdown voltage (Uso) and the maximum electric field
(Emax) can be further analyzed by comparing Figure 4 and Figure 9. It was observed that the uniformity of the
electric field between high voltage and ground electrodes affects the breakdown voltage values. The more
non-uniform the electric field between the electrodes, the lower the breakdown voltage values obtained and
vice versa. It is worthwhile noting that the uniformity of the electric field increases with the electrode radius.
In this study, the most uniform electric field is obtained when the plane-plane electrodes are used, whilst the
most non-uniform electric field is observed when R0.5-plane electrodes are used.

To aid understanding, consider a gap length of 10 mm whereby the breakdown voltage level for
plane-plane configuration is approximately 23 kV, whilst it is about 10 kV when R0.5-plane configuration is
used (refer Figure 4). However, the Emax Value for plane-plane configuration is about 2.3 kV/mm, whilst the
Emax for RO.5-plane configuration is 76 % higher, i.e. 9.6 kV/mm (refer Figure 9). If one considers a voltage
level of 10 kV in the case of plane-plane configuration, the Emax value produced will be too low (i.e. 1.0
kV/mm), thus it is insufficient to initiate a pre-breakdown streamer. Nevertheless, for the case of R0.5-plane
configuration, at the same voltage level of 10 kV, the Emax Which exists at the sharp tip of the electrode
introduces a very high stress region that sufficient to initiate a pre-breakdown streamer, thus lead to a
breakdown event. Therefore, this explains the reason electrodes with a small tip radius has a lower
breakdown voltage level compared to electrodes with a larger tip radius.

3.3. Comparison between Simulation and Analytical Results of Emax

This section discusses the comparison between simulation and analytical results of Ema. The
simulation results were determined using COMSOL Multiphysics software, as presented in section 3.2.
Meanwhile, the analytical results are calculated using the proposed equations according to the types of
electrode configurations as shown in Table 1. For R0.5-plane configuration, the R0.5 electrode has a point
tips with 0.5 mm radius. According to Howard [15], the Emax value at the point of either point-plane or point-
sphere configuration can be assumed to be the same as the formula in equation (1) which was derived based
on hyperboloidal approximation. In the case of R6-plane configuration, the R6 electrode has a hemispherical-
shaped at the end of its tip. Due to this reason, R6-plane can be categorized as hemisphere-plane. The Emax
value for this configuration is calculated using equation (2). Although this equation is derived upon the field
between a sphere-plane configuration [16], but it is believed that the electric field distribution at the sphere
electrode is dominated by the hemisphere that faces the plane electrode. As a proof, a finite element
simulation was conducted to determine the suitability in applying the Emax equation of sphere-plane to the
hemisphere-plane. As a result, both configurations gave almost similar Emax values (i. e. the Emax value of
hemisphere-plane is greater than the Emax value of sphere-plane with error less than 3.2 %). For R48-plane
configuration, the Emax value is estimated using the same equation used for R6-plane since their electric field
behavior aforementioned is in agreement to each other (compare the electric field curve plot between Figure
6 and Figure 7). Lastly, for plane-plane configuration, the Emax value is calculated using equation (3) since
the electric field exists at any point between this electrodes gap are equal to the average electric field, Emean.

Table 1. Formula for Emax Corresponding to Each Electrode Configurations

Electrode Configurations Formula for Enmax Ref
] 2V
= Emax = T 4d. (@Y)
s rin(—=-)
(a) .5 mm T [15]
« omm T Where: V = Usg value, r = tip radius, d = gap length
' Vr+d
| ‘I = . Emax = ka r (2)
(b) 6 mm & mm [16]
< 1 > < o > Where: V = U value, r = tip radius, d = gap length, k = 0.9
- %4
¢ R Emax = Emean == (3)
100 mm d
© _, \ [16]

Where: V = Ug value, d = gap length
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Table 2 shows the Emax Values for both simulation and analytical (calculated) results under various
electrode configurations and gap length. For R0.5-plane configuration, both calculated and simulation results
of Emax values are close to each other especially at 10 mm, 20 mm and 40 mm with error less than 5 %.
Meanwhile, for R6-plane configuration, it can be seen that the difference of Emax values between calculated
and simulation results are increased as the gap length increases where the errors are varied from 6.5 % to
100.9 %. It is believed that this is due to the fixed coefficient k value in equation (2) which gives the
significant effects to the results of Emax as the gap length is varied. On the other hand, for R48-plane
configuration, it is observed that the error between calculated and simulation results of Emax vary from 0.3 %
to 10.7 %. Lastly, for plane-plane configuration, it can be seen that the Emax results obtain from both
calculation and simulation are similar for all gap length.

Table 2. Comparison between Analytical and Simulation Results of Emax (KV/mm)

Gap R0.5-Plane c R6-Plane c R48-Plane c Plane-Plane c
rror rror rror rror

(mm) (@  COMSOL o) () COMSOL o) (b) COMSOL ) ()  COMSOL %)
10 9.295 9.594 31 3.978 3.734 6.5 2.346 2.468 4.9 2.303 2.303 0
20 12.266 12.086 15 4.233 3.399 24.5 2.305 2.363 25 1.843 1.843 0
30 12.482 13.354 6.5 4.248 2.861 485 2111 2.104 0.3 1.480 1.480 0
40  13.867 13.609 19 4.186 2.402 743 1919 1.830 4.9 1.239 1.239 0
50 15.359 13.858 10.8 4.219 2.100 1009 1.788 1.615 10.7 1.052 1.052 0

* (a), (b), and (c) are calculated according to formula in equation (1), (2) and (3), respectively.

4. CONCLUSION

Overall, AC breakdown test subjected to air were conducted to obtain U50 data under various
electrode configurations and gap lengths. There are four different electrode configurations were used; plane-
plane, R0.5-plane, R6-plane and R48-plane. Meanwhile, the gap length is varied between 10 mm to 50 mm in
10 mm interval. After conducting the air breakdown test, the U50 values are then used to determine the Emax
using a 2D axisymmetric model in COMSOL Multiphysics software. The location of the maximum electric
field was determined for each electrode configurations, and electric field curves between the high voltage and
ground electrodes are also plotted and examined. It was found that although the air breakdown results in
R0O.5-plane gaps are lower than the other electrode configurations, the Emax values are the highest among all
the electrode configurations. The analytical and simulation results of Emax for each electrode configurations
are almost similar to each other except for R6-plane.
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