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Abstract

The key factor governing the long-term reliability of high-voltage composite insulators is
electric field distribution. However, when exceeding thresholds and applied for long
periods, electric field stresses under severe pollution conditions could lead to deterioration
and degradation of the housing materials and consequently lead to failures of the
composite insulators. High electric field stress near the energized end fitting results in a
corona discharge, mainly leading to the composite insulator's aging. At the critical zone,
the electric field strength can be lowered to an acceptable value by different approaches
and among them installing a corona ring is considered an effective way. This research is
intended to study the electric field distribution across clean and polluted insulator and to
design optimized corona ring that improves the electric field stress near the triple junction
point (i.e. junction between polymeric shed, surrounded air, and energized end fitting).
Finite Element Method is combined with MATLAB in-order to obtain different critical
electric field stress at triple junction point for different corona ring configuration. Based on
the result from different configurations, optimization function is generated using statistical
approach i.e. using MINITAB, which is then further optimized using different
optimization techniques (Particle Swarm Optimization, fmincon and Runge Kutta
Method). The optimized design parameters are validated with the implementation of the
Finite Element Method for the clean and polluted (uniform and non-uniform) insulator
resulting 58.852.% and 54.48% reduction of electric field stress for normal and non-
uniform pollution condition compared to recommended corona ring.
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1. Introduction

Insulators are dielectric materials that are generally utilized in power systems for the
double purpose of electrically isolating and mechanically supporting the live phase
conductors from grounded towers. The insulator is an essential part of the power system
which plays a significant role in sustaining the reliability, and performance of the system.
Insulators in power lines are exposed to different natural phenomena and have to
operate in all abnormal conditions. They have to withstand over voltages from lightning
and other events and also from different environmental conditions such as rain, snow, UV
radiation, and many more [1].

In modern days with the enhancements in manufacturing and design, utility companies
around the world are progressively interested in using polymeric insulators. These
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insulators were announced in 1959 and after the outline of polymeric insulators, the honor
to use it as a spare for glass and ceramic has extremely surged worldwide. Polymeric
insulators are considerably lightweight and easy to handle. Due to their lightweight nature,
installation and maintenance is easy. They can be built with larger heights compared to
ceramic insulators; the height can be made larger but the only constraint is difficulty in
transportation with an increase in height. It provides higher mechanical strength and
tracking resistance and performs better during different environment condition due to its
hydrophobic properties makes its suitable for polluted regions [2].

The research of the electric field on polymeric insulators when subject to high voltage
delivers a significant insight into the progress of the insulator’s performance. Also, a
corona ring’s design plays a vital role in the insulator’s performance. The corona ring
diminishes the electric field by redistributing it more uniformly over a larger area,
smoothing out sharp edges or points where the field would otherwise be concentrated.
Corona rings are suggested on both the earth and high voltage sides of the insulator string
at voltages above 345 kilovolts and only at the HV side in the voltage range between 230
and 345 kV However, for the usage of corona ring there are no any specific guideline
governing the positioning and design of corona ring so each manufacturer has their own
guidelines [3]. Figure 1 shows the corona ring geometry in presence of insulator.
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Figure 1: Corona Ring Geometry
Due to the complex geometry of insulators along with the corona ring, the calculation of
electric field and even voltage distribution was a hard thing to do but using modern
numerical techniques, the complex geometry can be comparatively easily modeled and
simulated. For the calculation of the electric field and potential distribution based on FEM
(Finite Element Method) a numerical simulation is used. COMSOL Multiphysics can be
served as an interactive and powerful method to solve complex problems via the FEM [4].
As FEM is one of the utmost successful means to resolve electrostatic problems via the
discretization of the domain, it is most appropriate to compute the electric field and
potential distribution in high-voltage insulators. Besides FEM there are different
techniques for estimating potential distribution and electric field such as Charge
Simulation Method (CSM), Finite Difference Method (FDM), and Boundary Element
Method (BEM). Many publications can be found in the evaluation of the E-field and
potential distribution for high voltage insulators and different optimization methods for
optimizing corona ring parameters. In [5] FEM analysis of electric field distribution for
clean insulator is conducted which identifies of vulnerable areas of insulator units where
damage and consequent breakdown may occur. From the results presented the most critical
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areas for the insulator is triple junction point i.e. in case of porcelain insulator it’s the
junction between the (pin-cement, cement-porcelain/glass) of the bottom disc insulator
unit. Paper [6] described the effect between electric field distribution and flashover
voltage. Around 6 several different ceramic and composite insulators were used to
determine electric field distribution with a new electric field measurement technology.
Initially, the dependency between contamination layer conductivity with the
environmental relative humidity was analyzed. Moreover, the electric field distribution
patterns for clean, uniform, and non-uniform contamination cases were analyzed and its
correlation with the flashover voltage is investigated. In [7] BP neural network was
applied to handle the optimization of corona ring on composite insulators. The
optimization neural network model is built which solves the problem of long computing
time of the exhaustive method. Then, an optimal scheme of the structure parameters of 330
kV composite insulators is obtained. After optimization, the results display that, the
surface field strength of the corona ring and the insulator field strength along the surface
are all less than the corona's initial field strength i.e., 4.5kV/cm. Seven cases of polymer
insulators with alternate sheds were considered in [8] using the weighted sum technique
for resolving the multi-objective optimization issue. The E-field distribution on composite
insulators with the areas close to the energized is non-linear and usually is exposed to the
highest magnitudes. In the technique an adaptive meshing algorithm was applied that
ensures the lesser numerical faults and a stables performance of optimization algorithm.
Dynamic Population size concept is introduced in [3] for the optimal design of corona ring
by means of PSO.

Different optimization toolbox from MATLAB (fminbnd, fmincon, Optimtool-Genetics
Algorithm) is used for optimization process in [9], combined with FEM using two
different ways. Firstly, the housing material shape and permittivity were taken as
optimized parameter and in second case the dimension and position of corona ring were
considered as optimization parameter with an overall aim to reduce electric field across
insulator. Paper [10] has achieved a shape optimization of a high voltage insulator in three
steps; firstly, a finite element method is used to determine tangential electric filed.
Secondly, a data base was created to determine objective function and finally in third step
genetic algorithm was used to determine optimized parameter. The objective of shape
optimization is to reduce the tangential electric field stress along the surface of polluted
insulator. In [11] the performance and comparison of different multi-objective meta-
heuristic algorithms namely, ‘MOPSO’ (Particle Swarm Optimizer), ‘NSGA-II’ (non-
dominated sorting genetic algorithm) and ‘MOALO’ (Ant Lion Optimizer) to improve the
electric field distribution and potential for 400 KV composite insulator is presented which
results MOPSO gives better electric field distribution and a reduction of about 55% and
75% in computational time was obtained using MOALO. The electric field using
FEMLAB (old version of COMSOL Multiphysics) and MATLAB built-in optimization
function in [12] results that with the change in dimension and positioning of corona ring
the maximum electric field also keeps on changing i.e. electric field is not always at
specific point so the objective function is more complex and is specified as the maximum
of field along the axial length of insulator. In [13], an analysis of the behavior of the
electric field and the potential for three different types of insulators, the glass, the
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porcelain and the polymeric is presented in presence of pollution. Despite the presence of
the pollution layer the values of the electric field remains below the dielectric strength of
the air. The pollution layer reduces the contribution of the electric field which can be
explained by the point effect i.e. as the pollution layer rounds the ends of the sheds of the
insulators the electric field will then be lower. A uniform contamination of the insulator is
therefore beneficial for the insulator, unlike a discontinuous contamination.

Different methods, optimization techniques can be implemented to reduce the electric field
stress near the high voltage side of the insulator which could be achieved by improving the
insulators shed configurations or by optimizing corona ring parameters. However, in order
to determine the field distribution, FEM analysis is mostly used as it allows discretization
of domain. This research is focused on optimizing corona ring parameters using FEM
combined with the statistical approach and different optimizing techniques.

2. Methodology
2.1 Insulator under study

The study was conducted using a real world 230 kV polymeric insulator with the
following geometric characteristics [14] shown in Table 1 and Table 2 along with the
corona ring. In this case the manufacturer considered the corona ring with dimensions as
corona ring diameter was 305 mm, the ring tube diameter was 30 mm, and the position
regarding end fitting was 155 mm from the HV end of corona ring. The insulator and
corona ring were designed in AutoCAD as shown in Figure 2. In addition, pollution with
thickness 2mm was also designed as shown in Figure 3 where it consists of two models of
pollution i.e. uniform and non- uniform pollution. For the study of field distribution along
the insulator the simulation was carried out using COMSOL Multiphysics 6.2 software.

Table 1 Dimension of 230KV Polymeric insulator

Total length between end fittings 8475mm
Total leakage distance 2556.544mm
Number of large sheds 30
Number of small sheds 29

Large shed diameter 164mm
Small shed diameter 132mm

Table 2 Dimension of Corona Ring

Corona Ring Diameter 305mm
Ring Tube Diameter 30mm
Corona Ring Position 155mm
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Figure 2: 2D geometric model of 230KV insulator with corona ring
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a)Uniform Pollution b) Non-uniform pollution
Figure: 3 Polymer insulator with pollution layer model

2.2 Boundary Condition

A 230 kV alternating current voltage energized the HV conductor at 50Hz. The connection
between the energized end fitting attached to the conductor and corona ring was energized
at 230 kV whereas the connection between the end fitting to the tower arm was modeled
to be at ground potential i.e. 0 volts. And the insulator was surrounded with the air space.
The overall boundary condition being used to model the insulator along with corona ring is
shown in Table 3 and Table 4 whereas; the overall model in COMSOL Multiphysics
seems as Figure 4.
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Figure 4: Polymer Insulator modelling in COMSOL Multiphysics

Table 3: Properties of material used in simulation [14]

Material Component PeFirer:?tttii\\l/?ty Con((jst;ﬁi)vity
Fiberglass Fiberglass rod 55 le-12
Silicon Polymeric sheds 3.2 le-17
Steel End Fitting 1.0 1.7e6
Aluminum Corona ring 1.0 3.8e7
Air Working region 1.0 0
Pollution Working region 81.0 0.001

Table 4: Boundary of the electric field [14]

Boundary Boundary Setting
Terminal Applied voltage 230 KV
Air Electric Insulation
Ground ov
All interior boundary Continuity

2.3 Electric Field Calculation Equation

Electric field and potential distribution calculation on HV insulator are useful in
studying the behavior of insulator in different condition.
The electric field is defined as the negative gradient of the electric potential [15],
given by:

E=-VV (1)
Gauss's law, one of Maxwell's equations, relates the electric flux to the charge density.
As detailed in [15], this relationship can be expressed mathematically as:

vE=" @)

Substituting the value of Electric field (E) in equation (2),
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V(W) = S 3)

Where, p is the charge density and = = £,=,, where g, is the permittivity of air and =,

is the relative permittivity of insulating material. Starting with Gauss’s law (Equation
2), and substituting the electric field as the gradient of the potential, we obtain
Poisson’s equation.

P
2 _F
VV=—7 (4)

When the surface charge p =0 then the Laplace’s equation can be derived as,

vAV=0 ()
However, continuity equation needs to be considered while evaluating the electric field
distribution along insulator’s contaminated surface expressed as [5].

9D, _
V. (J+at)-0 (6)

Where, J is the current density (A/m?) given by J = cE and D = <E, where o is electric

conductivity (S/m?), then equation (2.6) can be written as,
av
-V(cVV) - V(aVE) =0 ©)

In case of DC, the partial derivative term becomes zero and equation (7) will be,
-V(cVV) =0 (8)
From equation (2.8) we can see that the Electric field distribution under contaminated
condition depends upon the value of electrical conductivity o.
For 2-D, the equation of the place in Cartesian coordinates is given by,
VZV = ﬂ'z_'i.i’ ﬂ'z_'i.i’ (9)
dxZ e

2.4 Statistical Approach

The mathematical relationship between the corona ring parameters (ring radius, ring height
and tube radius) and the electric field strength builds up the objective function given as:

F = E (ring radius, ring height, tube radius), where, each parameter has physical constraints
i.e. upper and lower limit. The relationship between the electric field strength and corona ring
parameters were related with second degree polynomial line based on FEM results. Through
the polynomial line, model was derived and to assess the accuracy of model, coefficient of
determination (R?) was used. If R? was equal to or greater than 0.6 the models were adequate.
The model was obtained for triple junction point considering every different design
parameter: ring radius, ring height and ring tube radius. The function in triple junction point
was considered as the average of E (ring radius), E (ring height), and E (tube radius).
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F:= (E (ring radius) + E (ring height) + E (tube radius))/3 (10)
In order to get the electric field for different corona ring configuration; COMSOL
Multiphysics was linked with MATLAB. The objective function was developed using electric
field data (variation in ring radius, tube radius and ring height), which demonstrates the close
relationship with the simulation result. The residual analysis assesses the accuracy of
regression models by examining the differences between model and simulated values and
provides information about the adequacy of the model. For that we check if residuals are
approximately normally distributed or not.

2.5 Optimization Process
2.5.1 Particle Swarm Optimization

PSO is a computational method used to find the optimal solution to the problem. This
algorithm is inspired from the relationship of travelling birds and the way they optimize their
movements when travelling long distance searching for foods. In search of food, they
continuously update their position and in respect to their own best position and best position
of entire population i.e. swarm and regroup themselves towards optimal formation. In order
to optimize continuous non-linear function in 1995, James Kennedy, a social psychologist
and Ruseell Elberhart, an electrical engineer developed PSO which works on iteration [16].
This algorithm starts with population named as swarm representing the group of birds. Each
particle (bird) in search of food represents the position and velocity in order to solve the
given problem. For each iteration, all particles representing the population keeps on updating
the position and velocity. Each iteration has its own global best (gbest) value and personal
best (pbest) value. Global best value represents the best position for entire iteration i.e. the
best position is influenced by the best position found by any member of the entire population
whereas personal best value represents the best position for each particle. These best values
keep on updating with each iteration i.e. the best position keeps on updating. And therefore,
each particle position will converge to the new position until the optimal solution is obtained
from the solution space. The flowchart for the Particle Swarm Optimization (PSO) algorithm

is presented in Figure 5 [17].
Initialization of PSO
/ parameters, random /
initialization of particle
position and velocity
v

Evaluate the Fitness Function for each particle
for local and global best solution

!

Update the velocity of each particle Time iteration

=1+l

Update the position of each particle

Is the stopping
Titeria satisfied),

Figure 5: Flowchart for Particle Swarm Optimization [17]
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2.5.2 FMINCON

fmincon is a MATLAB function that is used to find the minimum of a constrained non-
linear multivariable function. It is a gradient-based function that can be used to search and
find all different local minima that meet the set of objectives [18]. It all starts with an
initial guess based on an algorithm and goes on until all setup criteria are met. If all the
requirement of 1% order optimization is met by the last iteration, the conclusion is
considered as a local minimum that fulfills the system's needs. fmincon has different
algorithm options: (a) Interior point (b) Trust — region — reflective (c) Active Set (d) SQP
(Sequential Quadratic Programming).

2.5.3 Runga Kutta Method

The integration of the Runge-Kutta 4 (RK4) technique with gradient descent can produce
strong iterative optimization procedure, where RK4 improves the parameter updates
according to gradient of the function. The RK4 method is typically used to solve
differential equations but will be used here to calculate the next point in parameter space
based on gradient information [19].

Algorithm: RK4 Gradient Descent
1: Input: Objective function f(x), initial guess Xo, learning rate o, max iterations
max_iter, convergence threshold e.

2: Output: Optimal solution Xgptimar and minimum function value ming=f(Xqptimar)-
3: Initialize: Set x= Xg , iteration counter k = 0.
4: while k<max_iter do

4.1: Compute Gradient Vf(x)

4.2: RK4 Updates:

. ki=—a-V(X)

e K=—a-VE(X +0.5- ky)
o ky=a-Vf(x + 0.5 k)
o Ki—a-VE(X + ka)

4.3: Update Position Xnew=x+= (ki +2: ko+2- ks + k)

4.4: Check Convergence:

e If Ixnew—xlI<e, stop.
4.5: Update x=xnew, k=k+1

end while
5: Output Xoptima= X, MIN=f(Xoptima)
Helper Function: compute_gradient
1: Function: compute_gradient
1.1: Input: Objective function f(x), current position x.

1.2: Initialize:
. Set h=1e—5(a small step for finite differences).
. Initialize gradient vector grad as a zero vector of the
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same length as x.
1.3: Calculate Gradient:

e For each dimension i:
e SetXx;=xand X, =X.
e Compute:
o Xa(i)=xq(i)+h
L] Xz(i): Xz—h

e Update grad(i) = Z=-1s)

Zh
1.4: Output: Return grad, the computed gradient vectors.
3. Results and Discussion

The triple junction point is considered as vulnerable region in terms of electric field stress.
The simulation was focused on triple junction point where the electric field stress should
not surpass the value 4.2 kV/cm, considered as critical value [20]. Initially the simulation
was carried out without considering the corona ring and then considering the recommend
corona ring as shown in Table 2. Without the corona ring the stress was near about 3.932
kV/cm which got reduced to 47.94% with the installation of recommended corona ring.
However, in order to reduce the field stress further, so that the rate for the overall aging of
the insulator decreases this research dived into the optimization of recommended corona
ring parameters. And the optimized corona ring performance is been evaluate in the
presence of pollution condition i.e. uniform and non-uniform pollution condition. The
overall simulation and optimization process were run on a PC with an Intel(R) Core(TM)
i7-7700HQ 2.67 GHz processor and 8 GB RAM.

3.1 Electric field analysis for recommended Corona Ring

At first, we study the electric field behavior for the existing corona ring parameters and
then accordingly we will establish the relation between electric field and corona ring
parameters.

3.1.1 Electric field distribution with and without corona ring

The simulation was first run without the corona ring, to determine the electric field
strength at the triple junction site. The results in Figure 6 shows that in the vicinity of the
energized-end fitting, the potential distribution leads to a high electric field strength. The
maximum electric field (3.932 kV/cm) occurred on the triple junction point. It is possible
to have an excess of the recommended value of the electrical field. For the transmission
line running at 230KV, corona ring should be fitted on energized-end fitting as stated
above. Therefore, in the subsequent simulation, a recommended corona ring has been
incorporated in the energized-end fitting. Figure 7 shows the electric field strength gets
significantly reduced with the installation of corona ring to value 2.047 kV/cm i.e.,
47.94% reduction.
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Figure 7: Electric field distribution along the creepage length with corona ring

3.1.2 Analysis and determination of corona ring parameters constraints

The variables that should be considered for optimization to reduce the electric field stress
around the triple junction point are the corona ring radius (R), the corona ring tube radius
(), and the corona ring position (H). To determine how each parameter impacts towards
the maximum electric filed, each parameter (R, r, H) is subjected towards the change with
other parameters. Figures 8, 9, and 10 show the impacts of the mounting location (H), the
radius (R) and the tube radius(r) of the ring respectively. Note that H, R and r are varied in
the steps of 50mm, 50mm and 5mm respectively.
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Figure 8: Maximum electric field vs corona ring height for different corona ring tube
radius and ring radius = 200mm

In Figure 8, the electric field gets reduced as the height of the corona ring increased
from 50 mm to 500 mm and at nearly about 300 mm the minimum value is achieved
which further becomes nearly constant. Therefore, taking it into consideration the
choice for the height in the range of 135 to 500 mm is appropriated in order to find the
minimum value for electric field.

3
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Figure 9: Maximum electric field vs corona ring radius, for different corona ring tube
radius and ring height = 200 mm

Figure 9 demonstrates that the increase in the radius of the corona ring in general leads
to an increase of the maximum electric field and beyond 450 mm maximum electric
field is practically unaffected. To avoid the contact between the corona ring and the
bigger shed the inferior limit for the corona ring radius should be greater than the
larger shed radius of 82 mm. However, there is chance for ring tube radius (r) to be at
maximum value 40 mm so taking it into consideration we choose corona ring inferior
limit to be 200 mm. The electric field has not essentially changed for radius greater
than 450 mm. So, we have set the superior limit of the ring radius at 450 mm.
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Figure 10: Maximum electric field vs corona ring tube radius, for different corona
ring height and ring radius =250mm

Concerning the ring tube radius effect represented in Figure 10, high electric field is
produced by a low corona ring tube radius. So, ring tube radius lower than 5mm is not
appropriated and the tube radius greater than 40mm becomes larger bulkier and are not
economically viable. Therefore, the inferior and superior limit for corona ring tube radius
is set between 5mm and 40mm.

Analysis of figures, gives the idea regarding the variation of corona ring parameters with
respect to the electric field at the triple junction point. Therefore, corona ring parameters
for the further optimization process are considered as shown in Table 5.

Table 5: Range for corona ring parameters

Parameters Original value(mm) Range (mm)

Ring Radius 152.5 200 - 450

Ring Height 155 135 - 500
Ring Tube Radius 15 5-40

3.2 Electric Field Function

Based on the simulation’s findings, the electric field models for triple junction point are
developed. The polynomial line of order 2 was found for each series shown in Figure 11
(a,b,c). Since individual variation in each parameter resulted same trend line, so we will
consider the objective function in equation 10 as the average of electric field function
where two variables are kept constant, and the third one is varied in its respective range. In
order to determine the electric field model MINITAB 18 was used that provide the
quadratic equation for three different variation of corona ring parameters.
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Figure 11: Electric field as a function of a) ring height (R=200mm, r=25mm) b) ring
radius (H=250mm, r=25mm) and c) tube radius (H=250mm, R=200mm)

The three quadratic models for the triple junction point composed of equations 11, 12 and
13 which describe the correlation between the corona ring design parameters and the
electric field at the triple junction point. For the given model, coefficient “of determination
(R?) had a minimum value of 0.9868. These equations are substituted in equation 10 get
Equation 14 i.e. objective function. The coefficients of determination are summarized in
Table 6.

Table 6: Coefficient of determination (R?) of each quadratic model

Parameters Evaluated Coefficient of determination
Ring radius (R) 0.9927
Ring height (H) 0.9868
Ring tube radius (r) 0.9967

E (ring radius) = -5e”® ring radius® + 0.005103 ring radius + 0.498 (12)
E (ring height) = 1e™ ring height® - 0.008266 ring height +2.852 (12)
E (tube radius) = 4.74e™ tube radius® — 0.04961 tube radius + 2.267 (13)
Therefore,
F.= (-5e® ring radius® + 0.005103 ring radius + 1e” ring height® - 0.008266 ring height +
4.74e™ tube radius® — 0.04961 tube radius +5.1675) / 3 (14)
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Figure 12 represents the comparison between results derived from the model equation 14
and the simulated electric field strength from COMSOL Multiphysics for the 20
configurations. It is observed that the simulation values match with the calculated electric
field strengths.
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Figure 12: Comparison of the simulated electric field strength with the calculated values
at triple junction point

Figure 13 shows the normal distribution probability plots with a 95% confidence level for
the residuals between predicted model and simulated values. The straight line fit of the
data indicates the suggested model works well as they follow a normal distribution.
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Figure 13: Normal distribution probability plots with a 95% confidence level for the electric
field strength residual between simulation and model

3.3 Optimization Result

The equation for electric field function is obtained as a second-degree polynomial
equation, which is optimized through various techniques. The PSO algorithm were carried
out with the following configuration i.e. ¢1 = 1.5, c2 = 1.5, w = 0.5, swarm size = 30 and
the convergence criteria was set to 1e-6. The convergence of solution deaccelerates with
the larger number of swarm particles or iteration whereas with the fewer number of swarm
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particles or iteration, lowers the possibility of obtaining high quality results. The optimized
value is obtained at 8" iteration as shown in Figure 14 with the corona ring tube radius r =
40 mm, corona ring radius R = 200 mm and the corona ring position (height) H = 413.23
mm respectively. Therefore, in comparison to the recommended corona ring an increase of
166.6%, 31.15% and 166.6% in ring tube radius, ring radius and ring height is obtained.
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Figure 14: Convergence characteristics during the optimization process using PSO

fmincon is based on constrained nonlinear optimization or nonlinear programming models.
For the given function the parameters were optimized at 15" iteration as shown in Figure
15 with SQP algorithm resulting nearly the same performance as PSO i.e. the corona ring
tube radius r, corona ring radius R and the corona ring position (height) H equals to 40
mm, 200 mm and 413.3 mm respectively.
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Figure 15: Convergence characteristics during the optimization process using fmincon

The convergence rate greatly depends on the step size and the number of iterations.
Higher the convergence rate or the step size, objective function gets faster. Therefore, in
order to optimize our multi variable nonlinear algebraic function RK algorithm were
carried out with the following configuration i.e. step size = 700 and iteration = 3000. For
the given function the parameters were optimized at iteration number 2032 as shown in
Figure 16 resulting the same result as PSO and fmincon i.e. the corona ring tube radius r,
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corona ring radius R and the corona ring position (height) H equals to 40 mm, 200 mm and
413.301 mm respectively as other optimization techniques.
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Figure 16: Convergence characteristics during the optimization process using RK method

With the optimization of corona ring parameters, the optimized parameters of corona ring
are considered as shown in Table 7.

Table 7: Optimized Corona Ring Parameters

Corona Ring Radius 200 mm
Ring Tube Radius 40 mm
Corona Ring Position 413.3 mm

3.4 Electric field analysis for optimized Corona Ring

With the implementation of the optimized corona the main focus is to reduce the electric
field stress at the triple junction point resulting more reliable performance of insulator with
time. The electric field reduces from 2.047 kV/cm to 0.8423 kV/cm using optimized
corona ring as compared to that of recommended corona ring i.e. 58.852 % reduction. As
shown in Figure 17 the optimally designed corona ring not only lowers the electric field
magnitude but also shifts the maximum electric field’s location from the triple point as the
optimized height of the corona ring is increased.
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Figure 17: Electric Field analysis for optimized corona ring
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3.5 Comparative Analysis

This section presents a detailed analysis of the electric field behavior of a 230 kV polymeric
insulator under various conditions, including normal and polluted environments, with the use
of both recommended and optimized corona rings. The findings are supported by
comparative analyses illustrated in Figures 18,19 and 20.

3.5.1 Electric Field Distribution under Normal Conditions

Figure 18 illustrates the electric field distribution for normal conditions: without a corona
ring, with a recommended corona ring, and with an optimized corona ring.
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Figure 18: Comparative analysis of electric field for normal condition: without corona
ring, with recommended corona ring and with optimized corona ring

The red line indicates at the start (triple junction point), the electric field is the highest,
peaking around 3.932 kV/cm. This is due to the absence of a corona ring, which
causes a high concentration of the electric field near the energized end. As the arc
length increases, the electric field gradually decreases, but there are still noticeable
oscillations throughout the length of the insulator, indicating an uneven distribution of
the field. The blue line shows the electric field distribution when a standard
(recommended) corona ring is used. The initial peak is lower than in the case without
a corona ring, reducing to about 2.047 kV/cm. This reduction indicates that the corona
ring is effectively redistributing the electric field, reducing the peak intensity near the
energized end. However, there are still oscillations along the insulator length, and as
the arc length increases the electric field is also slightly greater compared to without
corona ring. The green line represents the electric field distribution when an optimized
corona ring is applied. The initial peak is significantly reduced compared to both the
"without corona ring” and "recommended corona ring" scenarios, reaching below
0.8423 kV/cm. This indicates that the optimized corona ring is more effective at
reducing the electric field concentration near the energized end. Additionally, the
optimized corona ring shifts the maximum electric field away from the triple junction
point because as the corona ring height increases the voltage associated with also
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shifts to higher region. The electric filed strength is slightly higher along the insulator
compared to that normal condition with the use of optimized corona ring.

3.5.2 Electric Field Distribution under normal and pollution condition

Figure 19 compares the electric field distribution under normal conditions, uniform pollution,
and non-uniform pollution.
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Figure 19: Comparative analysis of electric field for normal condition, uniform
pollution and non-uniform pollution

At the start of the arc length i.e. near triple junction point, there is a significant peak in the
electric field intensity for all conditions. But the peak is most pronounced, reaching around
12.683 kV/cm, indicating a higher concentration of the electric field near the energized
end of the insulator for non-uniform pollution condition shown by green line. The red line
representing the electric field distribution under normal conditions (without any pollution)
shows a moderately high electric field at the beginning i.e. 3.932 kV/cm, which quickly
drops and stabilizes as the arc length increases. For the uniform pollution, shown by blue
line the electric field initially follows a similar trend to the normal condition, with a
comparatively low peak at the start i.e. 2.629 kV/cm so the electric field influence gets
reduced by the pollution layer. Therefore, compared to the discontinuous contamination a
uniform contamination of the insulator is more beneficial for the insulator [21]. The
electric field distribution under non-uniformly polluted conditions starts with an extremely
high peak and exhibits greater and more irregular fluctuations along the entire length of
the insulator. This indicates that non-uniform pollution results in high electric field stress
compared to both normal and uniformly polluted conditions, likely due to the variation of
different level of permittivity’s at the insulator's surface.
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3.5.3 Electric Field Distribution with recommended and optimized corona ring under non
uniform pollution condition

Figure 20 compares the electric field distribution for recommended and optimized corona
rings in the presence of non-uniform pollution.
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Figure 20: Comparative analysis of electric field for recommended and optimized
corona ring in presence of non-uniform pollution

As the non-uniform pollution results in a more uneven electric field distribution compared
to both normal and uniformly polluted conditions with a peak value of 12.683 kV/cm. So,
during the non-uniform pollution condition it is very much necessary to minimize the
electric field as much as possible. At the beginning of the arc length (near triple junction
point), there is a noticeable spike in the electric field for both corona ring configurations.
However, the electric field for the “recommended corona ring" represented by blue curve
is significantly higher compared to the "optimized corona ring" represented by red curve.
The peak electric field value for the recommended configuration reaches around 7.166
kV/cm, whereas the optimized configuration peaks at a lower value of approximately
3.262 kV/cm. This suggests that the optimized corona ring design effectively reduces the
maximum electric field intensity at the triple junction point of the insulator. However, with
the optimized corona along the insulator the electric field slightly increases as compared to
that of recommended corona ring.

4. Conclusions

In this paper we optimized a corona ring for 230 kV polymeric insulator using FEM and
different optimization techniques. Initially FEM was carried out to study the electric field
behavior of insulator and based on the results corona ring parameters were studied to
develop the objective function of electric field at triple junction point with respect to
corona ring parameters. Second order polynomial equation was obtained as objective
function which when optimized with different optimization techniques gave same result
for optimized corona ring parameters.

Thapa et al. Page 87



Himalayan Journal of Applied Science and Engineering (HIiJASE), Vol. 5, Issue 2, Jan., 2025

The result shows that at triple junction point with the installation of optimized corona ring
the electric field strength at the triple junction point was 0.8423 kV/cm i.e., 58.85%
reduction as compared to that of recommended corona ring. The installation of optimized
corona ring shifts the maximum electric field away from the triple junction point and the
electric field strength across the insulator is slightly higher compared to that of
recommended corona ring. Addition of uniform pollution layer reduces the contribution of
the electric field near the triple junction point whereas addition of non-uniform pollution
layer heavily increases the electric field stress near the triple junction point resulting the
electric field to be 12.683 kV/cm i.e. 222.558 % increment compared to normal condition
(without pollution layer). For the non-uniform pollution condition, the presence of
recommended corona ring reduces the electric field to 7.166 kV/cm i.e., 43.5% reduction
and the presence of optimized corona ring reduces the electric field to 3.262 kV/cm i.e.,
74.28% reduction which is less than 4.2 kV/cm (electric field strength that should not
surpass). Therefore, the optimized corona ring reduces the electric filed stress by 54.48%
compared to recommended corona ring in presence of non-uniform pollution. However,
the optimal design of corona ring should consider the mechanical, economical constraints
and the material used to build up the corona ring which can be analyzed in future works.
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