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Abstract

The purpose of this study is to estimate 3D electric field distribution

on a polluted suspension insulator surface using finite element

method (FEM) combined with a metaheuristic method namely a

particle swarm optimization (PSO) algorithm. The PSO is applied

to reshape an insulator form that presents a better electrical

performance and thus reduce the electric field at the pin region. In

the presence of pollution, this region is proved to be the most critical

area for discharge initiation and propagation. The study of the

electric field repartition on optimized high-voltage (HV) insulators

under polluted conditions plays an important role in enhancing the

performance and reliability of HV insulators. For this purpose,

the electric field is calculated in both dry clean and contaminated

surface conditions using FEM. Afterwards, the PSO algorithm

is proposed as an efficient approach for optimizing the insulator

geometry. Each stage of the work will be studied in both clean

and polluted situations. From the achieved results, we see that the

hybrid algorithm (PSO-FEM) gives great aptitudes for enhancing the

distribution of the electric field on the HV insulators. The proposed

PSO-FEM algorithm could be very helpful tool for designing HV

insulator profiles that provide enhanced performances.
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1. Introduction

The use of optimization techniques to improve the elec-
trical performance of high-voltage (HV) insulators has in-
creased significantly in the recent years [1]–[11]. Due
to their simplicity, derivation-free mechanism, and local
optima avoidance [12], meta-heuristic optimization tech-
niques are increasingly adopted for engineering design
problems. Among the most popular mata-heuristics, the
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particle swarm optimization (PSO) algorithm is chosen for
this study. This work is focused on the optimization of
HV insulators in the presence of pollution, which is the
most important contribution made in this work given the
absence of work in this axis of study. Indeed, all works
done are carried out in the clean case [1]–[10]. The only
work done in the presence of pollution by Doufene et al.
[11] with a coupled artificial neural network (ANN)-genetic
algorithms (GA) and In [11] using a coupled ANN-(PSO
uses a predicted function of the electric field by mean of
the ANN.

The advantage of the present work is the use of the
real value of the electric field as a fitness function, thanks
to finite element method (FEM) code developed in the
“electric current” interface of COMSOLMultiphysics using
the live link to MATLAB that gives a possible coupling
with the PSO code. As reported in the literature, the
high electric field value is the most important factor in the
initiation and evolution of the discharge on the surface of
a polluted insulator [2], [3].

All works carried out regarding the electric field calcu-
lation on the leakage path of high-voltage insulators agreed
that the maximum value is always located at the pin region
[14]–[20]. So to better prevent the flashover of suspension
insulators, a knowledge of the distribution of the electric
field at its outer surface is essential. In this optimization
problem, the electric field value at the pin region is taken
as a fitness function to be optimized (minimized). The
different lengths of the insulator ribs are taken as the opti-
mization variables. The work is dived into two parts: first,
the FEM is used by mean of COMSOL Multiphysics to
compute the fitness function (the electric field at the pin
region), and second, the COMSOL Mutliphysics model is
converted to a MATLAB code, via the live link to MAT-
LAB, that will be coupled with the PSO code to perform
the optimization (minimization of the electric field). This
work is done in both clean and polluted cases.

2. Methodology of the Research

In this paper, 2D and 3D electric field and potential repar-
titions along suspension insulator surface were calculated
by using FEM software COMSOL Multiphysics. PSO has
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Table 1
Parameters of the Insulator

Dimensions [cm] Applied Voltage [V]

Shed Unit Creepage

diameter spacing distance

(D) (H) (L) pin Cap

32.0 20.5 55 10,000 0

Figure 1. (a) Insulator profile; (b) pptimization variables;
and (c) mesh surface.

been proposed as an optimization method to design an
optimal insulator profile. Then, the coupled approach
based on PSO-FEM is employed to optimize the electric
field value on the upper surface of this HV suspension
insulator.

This section discusses the proposed methodology which
comprises potential and electric field calculation in both 2D
and 3D configurations, case studies before optimiszation,
optimization process using PSO, and case studies after
optimization.

2.1 Potential and Electric Field Calculation

The U400B suspension insulator taken from practical in-
sulators used in the Algerian electrical grid is adopted in
this study [21]. The insulator parameters are summarized
in Table 1. COMSOL Multiphysics software is used to
reproduce the insulator geometry, as shown in Fig. 1(a).
In the parameter section of the geometry construction, the
lengths (L1 to L4), given in Fig. 1(b), are considered as
the optimization variables. Table 2 gives the electrical
parameters of the model. The mesh is shown in Fig. 1(c).

(1) and (2) are solved using FEM [22] to calculate
potential and electric field distributions:

∆V = 0 (1)

E⃗ = −∇⃗V (2)

where E⃗ represents the electric field and V is the electric
potential.

Table 2
Electrical Conductivity and Permittivity of the

Used Materials

Materials Permittivity Conductivity [S/m]

Air 1 0

Glass 5.59 10−14

Iron 106 5,99.107

Cement 5.9 10−12

Pollution 80 10−4

Figure 2. Clean case results. (a) 2D electric potential sur-
face distribution; (b) 3D electric potential surface distri-
bution; (c) potential distribution on the leakage path; and
(d) electric field distribution on the leakage path.

2.2 Cases Studies before Optimization

2.2.1 Clean Case

Figure 2(a) and (b) give the surface distribution of the
electric potential on 2D and 3D representations, respec-
tively. Figure 2(c) giving the potential distribution on the
leakage path of the insulator shows a variation between 0
kV in the cap and a maximum of 10 kV in the pin region.

In all the figures, the potential and the electric field
distributions are represented from the pin to the cap region.
The electric field distribution as shown in Fig. 2(d) confirms
that there are two regions where its values reaches a
maximum: around the cap with a value of 3.25 kV/cm
and around the pin where it reaches its maximum value of
5,08 kV/cm.

2.2.2 Polluted Case

To analyse the behaviour of the insulator in the polluted
case, a pollution layer of 0.5 mm (Fig. 3) is deposited on the
upper surface of the insulator. The electrical conductivities
of the different materials are given in Table 2.

Figure 4(a) shows a distribution of electric potential
after the pollution deposition, and Fig. 4(b) gives the
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Figure 3. Zoom in the pollution layer.

Figure 4. Polluted case results. (a) 2D electric potential
surface distribution; (b) electric field surface distribution;
(c) potential distribution on the leakage path; and (d)
electric field distribution on the leakage path.

surface distribution of the electric field. The change in the
potential distribution on the leakage path of the insulator
after the pollution deposition is illustrated in Fig. 4(c).
The electric field value rises to 17.7 kV/cm at the pin
region as shown in Fig. 4(d) and decreases to 0 kV/cm in
the cap region.

2.3 Optimization Process using PSO

The PSO is an efficient global optimization algorithm for
such optimization problems. Presented by Kennedy and
Eberhart [23, 24], the PSO is inspired from the relation-
ships of travelling birds and the way they optimize their
movements when travelling long distances searching for
food.

The PSO algorithm is summarized as follows:r Random positions and velocities are given to an initial
swarm. The optimization variables l1, l2, l3, and l4

are represented by the vector of positions (x i)⃗ (t) (3).
The population of the swarm is defined by a matrix
P (i, j) (4):

i from 1 to n; n = population size.
j from 1 to 4; 4 = optimization variables.

xi (t) =
[
l1 l2 l3 l4

]
(3)

P (i, j) =


l11 l12 l13 l14

li1 li2 li3 li4

ln1 ln2 ln3 ln4

 (4)

r The fitness function (electric field) is computed for
each particle of the matrix P (i, j). The particle with
the minimal fitness in the swarm is set as the best
position (Pi(t)).r The global solution (g(t)) that represents the particle
having the minimal fitness function in the swarm is
selected.r The velocity, the position, and the inertia weight of
each particle (5) are updated:

vi (t+ 1) = w (t) vi (t) + C1r1 (t) (Pi (t)− xi (t))

+ C2r2 (t) (g (t)− xi (t))

xi (t+ 1) = xi (t) + vi (t+ 1)

w (t) = wmax − wmax−wmin

tmax
t

(5)

where w (t) is the inertial weight, r1 (t) and r2 (t) are
random values (in the interval [0 1]), C1 and C2 are
acceleration constants (regulating the velocities), wmax

is the initial weight, wmin is the final weight, and t is
the number of iterations.r The process is repeated, from step 2, until the stopping
criteria is satisfied. The stoping criterion is set to 150
iterations.r The best particle solution is displayed. The verification
on COMSOL Multiphysics is done.
In this study, the fitness function associated with the

maximum value of the electric field can be defined in [9, 12].

2.4 Cases Studies after Optimizations

The PSO parameters selected for this study are maximum
number of iterations Maxiter = 150 and learning factors
C1 = 1 and C2 = 3. As demonstrated in [9], 10 individuals
are enough to solve this optimization problem.

2.4.1 Clean Case

After the optimization process, the convergence curve of
the electric field along the iterations is given in Fig. 5(a).
Figure 5(b) gives the variation of the optimization vari-
ables. The shape of the optimized model is shown in
Fig. 6. The detailed values of the optimized model are
summarized in Table 3. The electric potential distribution
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Figure 5. Optimization results in the clean case. (a) The
convergence curve and (b) the variation of the optimization
variables.

Figure 6. The shape of the obtained insulator after opti-
mization (clean case).

Table 3
Details of the Optimized Values in Clean Case

Reference Optimized

Model Model

l1[cm] 3,30 1.41

l11[cm] 3,40 1,51

l2[cm] 3,85 0.52

l22[cm] 4,03 0,70

l3[cm] 3,50 0.10

l4[cm] 1,16 4.97

Creepage distance [cm] 55 47

creepage length reduction (%) 14.5

Electric field at the 5,08 4.70

pin region [kV/cm]

Electric field reduction 7.5

at the pin region (%)

Electric field at 3.25 2.95

the cap region [kV/cm]

Electric field reduction 9.23

at the cap region (%)

Figure 7. Clean case results after optimization. (a) 2D
electric potential surface distribution; (b) 3D potential sur-
face distribution; (c) potential distribution on the leakage
path; and (d) electric field distribution on the leakage path.

Figure 8. Optimization results in the polluted case. (a)
The convergence curve and (b) the variation of the opti-
mization variables.

is given in 2D and 3D representation in Fig. 7(a) and (b),
respectively.

The distributions of the electric potential and the
electric field on the upper surface of the insulator are given
in Fig. 7(c) and (d), respectively.

2.4.2 Polluted Case

The same optimization procedure is done in the polluted
case. After the optimization process, the convergence curve
of the electric field along the iterations is given in Fig. 8(a),
and the variation of the optimization variables are given in
Fig. 8(b). The obtained shape of the insulator is shown in
Fig. 9.

The details values of the optimized model are summa-
rized in Table 4. Potential and electric field distributions
are given in Fig. 10(a) and (b), respectively, in 2D and 3D
representation.

The distributions of the potential and the electric field
on the leakage path of the insulator are given in Fig. 10(c)
and (d), respectively.
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Figure 9. The shape of the obtained insulator after opti-
mization (polluted case).

Table 4
Details of the Optimized Values in the Polluted Case

Reference Optimized

Model Model

l1[cm] 3,30 0.11

l11[cm] 3,40 0.21

l2[cm] 3,85 2.74

l22[cm] 4,03 2.92

l3[cm] 3,50 0.10

l4[cm] 1,16 0.10

Creepage distance [cm] 55 39.22

Creepage length reduction (%) 28.7

Electric field at the 17 16.66

pin region [kV/cm]

Electric field reduction 2

at the pin region (%)

Although a little diminution of the electric field in the
pin region, we notice an important decrease in the creepage
distance.

3. Discussion

The results obtained in the polluted case before optimiza-
tion show that the contamination has a significant effect
on the electric field shape. This effect can be quantified as
an important increase in the maximum value of the electric
field near the pin and a decrease in the cap region [5].

The simulation results obtained after optimization in
both clean and polluted cases show a significant decrease
in the electric field values particularly near cap end.

It is clear that the proposed optimization approach
has significantly reduced the maximum electric field near
the pin end. For the polluted case also, a big similarity

Figure 10. Polluted case results after optimization. (a)
2D electric potential surface distribution; (b) 3D potential
surface distribution; (c) potential distribution on the leak-
age path (from the pin to the cap); and (d) electric field
distribution on the leakage path (from the pin to the cap).

is observed with [11] and [12] using a predicted objective
function with ANN.

4. Conclusion

An approach for optimizing HV suspension insulator under
polluted conditions is proposed in this paper. FEM sim-
ulation was used to analyse the potential and the electic
field distributions in 2D and 3D along the leakage path of
U400B cap and pin insulator for both clean and polluted
conditions. The proposed PSO approach searches the op-
timal variables (geometry) which minimize an objective
function that is the electric field at the pin region. The
most important achievements of this paper are summarized
in the following points:
– In the clean case, the optimized model indicates a

decrease of the electric field in the pin region with 7.5%,
with a very significant decrease of the creepage distance
around 14%. Adding to that, there is a drop in the
electric field value at the cap region with 9.23%.

– In the polluted case, although we have no significant
decrease in the electric field value at the pin region, the
obtained shape gives a very reduced creepage distance
(−29%) for approximately the same electric behaviour
as the reference model.
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