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1. INTRODUCTION

Zinc oxide (ZnQ) surge arresters have been widely used nowadays in overvoltage protection of
transmission line systems [1]. The most recently developed ZnO surge arresters do not require serial gaps
owing to their excellent nonlinear properties [2]. Nevertheless, the removal of the serial gap causes ZnO
disks being continuously stressed by AC power frequency voltage [3]. To increase the uniformity of the
electric potential distribution, optimisation of the electric field intensity around the surge arrester is needed.

Numerous researches related to determination of electric field in a surge arrester have been
published. Han et al. describe the formulation of semi-analytic finite element method to determine potential
distribution of high voltage metal oxide arrester [4]. Meanwhile, Haddad & Naylor computed electric
potential and field distribution of a typical polymer zinc oxide surge arrester by means of finite element
method [5]. Ekonomou et al. have formulated an artificial neural networks (ANNs) based method which
could be useful in determining electric field distribution of medium voltage surge arresters for design
processes and diagnostic tests [6].
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However, most of the studies are just limited for electric field magnitude calculation. Only several
studies had presented methods to minimize electric field intensity of surge arresters during normal operating
conditions. He et al. discussed their findings on the electric potential distribution of an AC 1000 kV ultra
high voltage (UHV) metal oxide surge arrester [3]. The study had focused on analysing and improving the
electric potential distribution of the UHV surge arrester by the application of three different approaches;
field-circuit combination, three-dimensional (3D) finite element method (FEM) and circuit analysis.

Kumar & Mogaveera had attempted to improve the voltage distribution uniformity of a 220 kV and
a 400 kV surge arresters under clean and polluted environment by means of numerical field computation [7].
In the study, design optimisation of the surge arresters’ geometries which include grading ring and spacers
was conducted in order to investigate their influence on the voltage distribution under normal operating
conditions.

In the past works, the electric field distribution of a surge arrester greatly depends on the geometry
design and electrical properties of the governing material. The minimisation of the electric field magnitude of
the arrester was achieved by proposing several design methods. However, works on using optimisation
methods to minimise the electric field magnitude are less likely to be found in literature.

Therefore, in this work, minimising the electric field magnitude in two ZnO surge arrester design
models is proposed by using Gravitational Search Algorithm (GSA) and Imperialist Competitive Algorithm
(ICA). The surge arrester models were developed using finite element analysis (FEA) to determine the
electric field distribution. To validate the performance of the proposed method, comparison with the
manufacturer’s test data and other optimisation methods were made. Using optimisation methods, it is more
convenient to perform design optimisation on the surge arrester geometry instead of changing the material
properties by trial and error to obtain the desired electric field distribution.

2. MODELLING OF SURGE ARRESTER IN FEA

Series of tests were carried out on transmission line arrester having rated voltage of 120 kV.
Table 1 specifies the characteristics of the surge arrester in this work, as specified in the manufacturer’s
datasheet. Figure 1 shows the two-dimensional (2D) axial symmetric model geometry of the ZnO arrester
that has been developed in the FEA software. The ‘Electrostatic’ interface of the AC/DC module available in
the software was used to solve the model. A layer of air surrounding the arrester was also drawn to observe
the electric field distribution on the surface of the sheds. Material properties as shown in Table 2 were then
assigned to each domain.

Table 1. Electrical and Insulation Data for Arrester

Parameter Value
Rated voltage 120 kv
Maximum residual voltage (10 kA 8/20 ps current) 316 kV
Height 750 mm
Insulation material Silicone rubber
Creepage distance 1640 mm
5
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Figure 1. 2D axial symmetrical of ZnO surge arrester model

Table 2. Material Properties of the Surge Arrester Components

Domain Material Relative permittivity, & Conductivity, s (Sm™)
1 Aluminium 1 3.774x10*
2 Zinc oxide 2250 Non-linear
3 Silicone rubber 3.6 1x10®
4 Fibreglass 4.2 1x108
5 Air 1 0
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After assigning the material properties, relevant interface conditions were applied at each boundary
in the geometry. The ground boundary condition was applied at the bottom part of the arrester, which
specifies zero electric potential. The upper part of the arrester was specified as a terminal source of stationary
electric potential. Since the arrester was enclosed in a spherical air domain, its outermost boundary condition
was assigned as electric insulation. The interface condition of the remaining boundaries was set as continuity.
The next step was to mesh the geometry into smaller elements for effective computation. In this model,
extremely fine mesh elements were applied on the area surrounding the ZnO column. This was done to
increase the precision of the electric field distribution as the ZnO column determines the behaviour of the
arrester.

3. DESIGN OPTIMISATION USING ICA AND GSA

The surge arrester design optimisation procedures used in this work are as follows:
Step 1: The arrester was modelled in FEA software to calculate the electric field distribution.
Step 2: The model was interfaced with GSA and ICA algorithms for design optimisation.
Step 3: The optimisation was repeated until the convergence criteria are reached.

The optimised variables must result in minimum electric field magnitude at regions which are
considered critical on the surge arrester. In this case, the maximum electric field on the silicone rubber
surface must be equal or less than the electric strength of air, i.e. 3 kVmm, to avoid any surface discharge
occurrence. Thus, the objective function is defined as:

] = min{E o, — 3kVmm=1} @))

where Emax is the maximum electric field (in kVmm™) point along the arrester axis, which is located on the
tip of the insulation housing shed near to the high voltage electrode. The constraints defined considering the
limits relative to arrester’s dimension and material properties are shown in Table 3. There are no available
specific standards related to the surge arrester’s design, thus the variation limits of the design parameters
were chosen based on the simulation results and the geometric feasibility.

Table 3. Limits Relative to Arrester Dimension and Material Properties
120 kV arrester

Parameter Lower limit Upper limit Intial value
Radius of FRP rod 0.1cm 2.0cm 1.0cm
Radius of insulation housing 2.0cm 4.0cm 3.0cm
Relative permittivity of silicone rubber 5.0 7.0 6.0
Relative permittivity of FRP rod 3.7 10.0 4.2

3.1. Gravitational Search Algorithm (GSA)

Gravitational Search Algorithm involves a group of searcher agents, which interact between them
through the gravity force. The agents, also known as objects, are measured in term of performance according
to their masses. This gravity force causes movement of the objects towards other objects with heavier masses.
The flowchart of the GSA method is depicted in Figure 2 [8, 9].

3.2. Imperialist Competitive Algorithm (ICA)

In this algorithm, the population individuals are referred as country. Initially, some of the countries
with better objective function are assigned as imperialists while others are assigned as colonies that all
together form some empires. During the competition, the power of the dominant empire will increase, and the
power of the weak empire will decrease. The suitable empires will take possession of their colonies. At the
end of the competition, there will be only one imperialist and others will be its colonies. The flowchart of the
ICA method is depicted in Figure 3 [10, 11].

4. ELECTRIC FIELD DISTRIBUTION IN SURGE ARRESTER

The electric field distributions in the rated 120 kV surge arrester model geometry when electric
potential of 132 kV was applied on the energized end are illustrated in Figure 4 and Figure 5. The cut line 2D
plot of the electric field along tip of the housing sheds is illustrated in Figure 6.

Optimisation of zinc oxide surge arrester design using gravitational search... (Syahirah Abd Halim)



856 a

ISSN: 2502-4752

‘ Input data and parameters of GSA |

I

| Generate initial masses ‘

4-| Evaluate the fithess of each mass |

‘ Update the gravitational constant, best, worst and inertia

mass

| Calculate the total force in different direction ‘

l

| Calculate the acceleration and velocity

| Update masses’ position |

Are the masses fulfill the
constraints?

Select the masses randomly
from the initial masses

Meeting end of criterion

Yes

End

Figure 2. Flowchart of Gravitational Search Algorithm
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Figure 3. Flowchart of Imperialist Competitive Algorithm
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Figure 4. Electric field distribution of 120 kV arrester
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Figure 5. Electric field distribution on the tip of sheds

It is obvious that the electric field distribution along the sheds is not uniform where high magnitudes
were observed mainly on the tip of the sheds which are nearer to energized end terminal. This is due to the
different materials in the surge arrester’s structure, which have different permittivity and boundary condition.
Referring to Figure 6, the electric field magnitude also shows a sudden increase when there is a region
transition from air to silicone rubber.

At the interface between air and the housing sheds, there is a discontinuity of the electric field due to
the permittivity difference between both materials. The relative permittivity, €, describes the ability of the
material to align the electric field. A material with higher permittivity has higher ability to align the electric
field, thus resulting in lower electric field concentration in the material. In this case, the relative permittivity
of silicone rubber is normally higher than the air region. Therefore, the electric field between tips of the
housing sheds and the air region is more intense than in the inner structure of the housing sheds. It is also
observed that the electric field intensity decreases at the location further than the housing sheds, mainly in the
region of air.

Table 4 presents the original and optimised parameters for FRP rod and silicone rubber housing
materials of the 120 kV surge arrester, calculated by the GSA and ICA methods. All optimized parameters
were determined based on the evaluation of the minimum value of the objective function. The optimised
dimension parameter values for the GSA algorithm only show slight deviations from the optimised values
calculated by the ICA algorithm.

Table 5 presents the maximum electric field along the arrester axis obtained with original
dimensions and optimised parameters of the 120 kV surge arrester. It is obvious that the use of the optimised
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dimension and relative permittivity values of the FRP rod and the silicone rubber housing significantly
reduces the maximum electric field on the tip of the housing shed, which is nearer to the energized end
electrode. Implementing the optimised values from the ICA algorithm results in slightly lower electric field
intensity compared to the GSA optimised values.
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Figure 6. 2D cut line of electric field along the tip of sheds

Table 4. Initial And Optimised Design Parameters of the Arrester

Parameter - 120kv
Initial value GSA value ICA value
Radius of FRP rod (cm) 1.0 1.34 1.13
Radius of insulation housing (cm) 3.0 2.07 2.37
Permittivity of FRP rod 4.2 9.52 7.96
Permittivity of silicone rubber 6.0 6.69 6.71

Table 5. Maximum Electric Field Along the Arrester Axis
Model Maximum electric field (kvmm™)

Initial value GSA Optimised Reduction using GSA ICA Optimised Reduction using ICA
120 kV 0.9838 0.2461 74.98% 0.2452 75.08%

5. COMPARISON WITH MANUFACTURER’S DATASHEET

Further validation on the accuracy of the surge arrester model was made by comparing the estimated
peak residual voltages with the manufacturer’s data. The measured data for the residual voltages of the 120
kV surge arrester is 316 kV. For a 10 kA nominal discharge current of 8/20 ps, the residual voltages obtained
using the original dimension parameters and the optimised parameters show only slight deviations from the
manufacturer’s data. Relative errors of the discharge voltages for the 120 kV arrester were then determined to
evaluate the precision of the arrester’s characteristics, calculated using:

error = Vrestimated_Vrmanufacturer x 100% (2)
Ve .
estimated

where Vresimared 1S the estimated discharge voltage and Vrmanutacturer 1S the voltage from the manufacturer’s
data.

As can be observed from Table 6, the use of the optimised parameter values in both surge arrester
models reduce the relative errors between the estimated and manufacturer’s data of the residual voltages.
Furthermore, both optimised parameters obtained from GSA and ICA iteration method also reproduce the
residual voltages of the 120 kV arrester with low relative error. The good agreement between the estimated
and actual measurement data has demonstrated that design optimisation by FEA model is a valid option for
future arrester development.

Figure 7 shows the electric field distribution along the 120 kV arrester sheds for original dimension
parameters, GSA parameters and ICA parameters respectively. A minor reduction in the maximum electric
field magnitude was observed from GSA and ICA due to the optimised thickness and relative permittivity
values of the FRP layer and silicone rubber housing. Based on these figures, discontinuity of the electric field
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between the housing shed and the air domain was observed due to the difference in the permittivity value of
silicone rubber and air. Comparison between the proposed method and a meta-heuristic optimisation method
which is widely used, the particle swarm optimisation (PSO) was also made [12-15]. From Table 7, it can be
seen that the optimisation methods using ICA and GSA vyield lower minimum electric field magnitude than
PSO. This shows that ICA and GSA are a better optimisation method compared to PSO. The features which
make ICA and GSA are better than PSO are good convergence rate, high quality solution and capabilities in
finding local optimum.
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Figure 7. Electric field magnitude along the shed of 120 kV arrester using; (a) original dimension parameters,
(b) GSA parameters and (c) ICA parameters

Table 6. Relative Errors Between the Estimated and Manufacturer’s Data

Model Residual voltage (kV) Relative error to manufacturer’s data (%)
Initial GSA ICA Inital GSA ICA
120 kV 317.35 317.28 317.32 0.42 0.40 0.41
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Table 7. Minimum Electric Field Obtained from Initial and Optimized Parameters
Model Minimum electric field (kVmm™?)

Initial value GSA optimised ICA optimised PSO optimised
120 kV 0.983825 0.246130 0.245202 0.25656

6. CONCLUSION

In this work, the optimisation of a 120 kV ZnO surge arrester design model using GSA and ICA has
been successfully proposed. The surge arrester models were successfully developed using finite element
analysis and used to determine the electric field distribution. By optimizing the relative permittivity and
radius of the FRP rod and the silicone rubber housing, the electric field intensity surrounding the arrester has
been successfully reduced while maintaining its physical properties. With optimised arrester dimensions, the
lowest concentration of the electric field on the surface of the arrester insulation housing can be achieved,
which in turn may increase the service life span of the surge arrester. Comparison of the proposed method
shows that the optimised surge arrester design model complies with the manufacturer’s test data and yields
lower minimum electric field magnitude at the energized end of the surge arrester. It was also found that the
minimum electric field is lower using ICA than GSA and PSO.
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