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The major problem in high-voltage cable accessories is the electric field stress caused by the high-voltage level at the cable junction.
In this paper, a neural network and simulation-based optimal design for extra high-voltage (EHV) cable accessory is proposed to
ensure the optimum electrical design. The different kinds of geometries of the EHV underground cable accessory are realized in
the Comsol Multiphysics software program, and the electric field analyses are conducted based on the finite element method. The
design of high-voltage underground cable accessories is examined both within and without the optimal stress cone geometry. A
neural network-based model is developed according to the analysis results obtained in the simulation. Thanks to this model, the
geometry of the stress cone is determined. In the simulation-based analysis, the electric field stress caused by the high-voltage level
at critical points is controlled with an optimum joint design using neural networks. The proposed model will contribute to EHV

cable joint design at different stress levels.

1. Introduction

A higher capacity transmission path is required to satisfy the
power demand of the society having a steady increase in
electricity consumption. Installing high-voltage cables is an
inevitable trend in metropolitan areas and densely populated
areas.

High-voltage underground cables are manufactured in
limited length due to obstacles seen during production and
transportation. High-voltage cable accessories and cables
that have limited length are combined to ensure the con-
tinuity of the power line. With the rapid growth of instal-
lation of high-voltage underground cables, cable failure
faults frequently occur in large cities due to the unqualified
accessories installation and unusual external operating en-
vironment [1-3]. According to the statistics of cable failures
in the last 10 years, the share of cable accessory failure is
more than half of the total cable defect. Among the power
cable failures in gird, more than 75% of cable failures occur
in the conventional cable joint without considering the
failures caused by the external destruction [4, 5]. The major

problem in high-voltage cable accessories is the electric field
stress caused by the high-voltage level at the cable junctions
[6]. Generally, the high-voltage accessories are the most
sensitive parts and are in danger of failure in the cable system
[7-9]. The reliability of cable is related to its accessories such
as joints and terminations since they have a much higher
failure rate than the cable itself [10]. The weaknesses of cable
accessories are correlated to the nonuniform distribution of
their internal electric field [11].

It is necessary to know the distribution of electric field
intensity and especially its value in the places where it is the
highest for high-voltage underground cables [12-14]. As the
energy transmission system voltage increases, due to load
conditions and development, the insulation must operate
under greater electrical stresses. For this reason, using a
larger-sized insulation material does not give good results as
it will make the device heavier and increase the thermal
impedance. It is necessary (i) to control the excessive electric
field stresses that may occur on the high-voltage cable screen
and (ii) to reduce the electric field stress in the critical region
[15].
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The historical development of stress control is given in
Figure 1. The impedance stress control based on heat-
shrinkable tubing and nonlinear stress control were used in
these developments [16].

Originally, some researchers approximating and mod-
elling elastic continua using discrete equivalent elastic bars
in the early 1900s proposed the finite element method [17].
However, Courant presented and developed the modern
finite element method in 1940. Piecewise polynomial in-
terpolation over triangular subregions was used by Courant
to research torsion problems. The next important step in the
utilization of finite element methods was taken by Boeing in
the 1950s by using triangular stress elements to model
airplane wings. In 1960, Clough made the term “finite el-
ement” popular, and during the 1960s, investigators began to
apply the finite element method to other areas of engi-
neering, such as heat transfer and seepage flow problems.
The first book about the finite element method was written
in 1967 by Zienkiewicz and Cheung [18].

In the open literature, there are many studies for electric
field stress control in high-voltage underground cables
[7, 19-22]. Yang et al. [12] conducted comparative analyses
on the evaluation of contact resistance of simulation-based
cable joints. Letvenuk et al. [23] examined the air gap effect
for medium voltage cable accessories. They proposed a new
material-based approach to control stress levels. Frobin et al.
[24] presented a Comsol Multiphysics software-based
general approach for the modelling of HVDC cable acces-
sories. Hyperelastic material-based cable accessories were
designed by Luo et al. [25]. Electric field distributions of
stress cones were analysed using a material with nonlinear
conductivity [26]. The electric field distribution inside the
cable accessories can be improved by adjusting the curvature
and axial length of the stress cone [27, 28]. Although there
are empirical approaches to optimum design in the studies, it
is seen that an Al-based general approach is not presented.

The most important component of the joints the stress
cone is used for the reduction of the maximum electric field
stress, which is concentrated at the critical point where the
screen ends during cable joining. This paper aims to com-
pare and analyse the stress cone effect according to two
different cases which are with stress cone and without stress
cone structure firstly. Afterwards, an artificial neural net-
work model was created according to the simulation results.
Thus, the optimum stress cone was designed using this
model. All analyses were performed by a simulation-based
method for the 500 kV high-voltage accessories.

The paper is organized as follows. The design of the EHV
joint based on a neural network is presented in Section 2. The
geometry of the proposed model is given in Section 3. All
analysis results are presented and discussed in Section 4. The
conclusion is given in Section 5.

2. Neural Network-Based Optimal Design of
EHYV Joint

Insulating materials in the electric field are forced by the
effect of this field. Electrical stress may cause surface dis-
charge or breakdown of the insulator. To minimize the risk
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FIGUre 1: Development of electric stress control.

of superficial discharge or puncture and to get the most
efficient result from electrode systems, the insulating ma-
terial should be forced equally everywhere, and a uniform
electric field distribution on the electrode surface should be
provided.

The electrical stress in critical areas of high-voltage cable
joints has to be reduced at the design stage. Partial discharge
(PD) can occur due to high electric field intensity in different
critical areas of the cable joint. After the partial PD starts,
treeing occurs, and then, the structure causing more PD
appears. This will cause an acceleration in the aging pro-
cedure. Design failures, installation, and manufacturing
process-related defects can cause PD to occur in the cable
connection. Under 132 kV and above the HV level of joints,
PD is very crucial at the design stage [19].

In this study, the focus is on reducing the electric field in
critical areas by using a stress cone. If the electric potential is
known at every point in a region of space, the electric field
can be derived from the potential. The electric field intensity
is obtained from the negative gradient scalar potential. The
relationship equation of electric field E and potential
function V is given as follows:

E=-VV. (1)

The tangential component of the electrical field is
continuous across the surfaces separating two different
materials. Hence, the potential function V is continuous
everywhere in the domain. From the Ampere-Maxwell
equation,

— 3(V-D) 2
V-] +7at =0,

where the conduction current density represents as J and D
is the electric displacement.
We assume the following as initial conditions:

V.-D=0att=0. (3)
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That is, at £ =0, there is no free charge in the system. The
electric displacement in linear isotropic materials is simply
involved in the electric field as follows:

D= SE, (4)

where ¢ is the permittivity measured in farads per meter (F/
m). The coefficient ¢ can be written as

€ = ¢, (5)

where ¢, (F/m) is the permittivity of free space and e, is the
relative permittivity of the medium. The current density and
the electric field are related to a complex relationship in
nonlinear materials.

] =0(E)E (6)

where a field-dependent conductivity represents as o (E). In
the nonconducting regions, such as in all regular points,
from equations (1), (3), and (4), it follows that the Laplace
equation for the potential holds

V- (—ge,VV) = 0. (7)

In the nonlinear regions, that is, in all regular points,
from equations (1)-(4) and (6), it follows that the dynamics
of the electric potential is described by a nonlinear diffusion
like equation [29].

V. [-o(E)VV] = % [v : <sosr(75’)vv>]. (8)

By applying the backward Euler method, the problem is
discretized, and (8) becomes the following equation:
VAV (t - At)

At

v. Ha(ﬁ) +%)vva)] = g6,

(9)

where t is the time, and it is a suitable small time interval
[30].

A cross-sectional view of a typical 500kV cable joint is
shown in Figure 2.

The peak stress at the cable outer semicone cutting point
can be controlled by the optimal stress cone curvature. (a)
On the other hand, the peak stress inside the cable joint body
can be regulated by the cage tip curvature, (b) which is one of
the most important design parameters. The surface stress
and surface flashover are affected by the distance between
the cage and the stress cone. (c) The insulation thickness (d)
between the joint cage and the outer ground layer needs to
withstand the highest average stress. This area is similar to a
parallel plate configuration. From the electrostatic model, it
is clear that the most crucial path will be near the joint cage
tip. The axial and radial electric fields can generally be
calculated from equations (9) and (10) [20].
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FIGURE 2: Critical areas of the HV cable joint.

where the length of each conductive layer is [, r is the
distance between the conductive layer and screen cut, ¢ is the
permittivity of the surrounding insulating material, and U,
is the voltage between each layer.

The electric field strength E of each layer depends on the
voltage U, length [, radial distance r, and permittivity ¢ as
shown in the following equation:

U
rnlngrn ZZ:I In (rn+1/rn)/ln8n'

The electric field is one of the most important factors for
the optimum sizing of EHV joints. Methods in which the
electrode shape is iterated to achieve the desired area dis-
tribution [31-35] are not effective for many problems. Since
the area must be calculated in every iteration, the calculation
time is quite long. Besides being time-consuming, these
methods cannot always provide a general solution.

In this paper, such an optimization problem is solved
using a multilayer feed-forward neural network algorithm
(Figure 3). The neural network is trained to obtain a stress
cone profile that will provide the desired area distribution on
the joint surface. The analysis data are divided into a 70: 30
ratio after normalization. 70% of data are employed for
training the model, and the remaining 30% data are utilized
for testing the performance of the model. The proposed
neural network consists of three hidden layers. In this
study, 10 neurons are used in hidden layers. Also, the
Levenberg-Marquardt learning function is used for training.
All results of the neural network model are given in Section 4
detailed.

Neural network-based models are run separately 100
times, and the results are presented statistically to eliminate
the errors that may arise from the randomness of the model
parameters. The performance of model is evaluated by
considering the deviation of the predicted value from the
target value. For this purpose, the root mean square error
(RMSE), mean square error (MSE), and mean absolute error
(MAE) are used. The performance metrics are mathemati-
cally represented in (12) through (14) as follows:

E(l,r) =

(11)

N ~\2
RMSE = /21 (i;—yi)) (12)
N ~\2
MSE = 2in1 (};\1]_ ¥i) X (13)
N —
MAE = Zi:ll)]:; yil’ (14)
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FiGURE 3: The flowchart of neural network structure.

where yi and y; represent the observed value and predictive
value of the model and N is the total number of data used for
performance evaluation and comparison.

3. Geometry of the Proposed Model

The geometries of the high-voltage underground cable ac-
cessories have been realized in the Comsol Multiphysics
software program, and the electric field analyses have been
conducted based on the finite element method (FEM). For
electric field simulations using FEM, COMSOL Multiphysics
software is a complete platform for simulating variations in
the power cables. For the FEM analysis, an object is divided
into equal parts, and based on the equations, each element’s
behavior is forecasted. Thanks to this method, all individual
behaviors are analysed and added, thus obtaining the ob-
ject’s total behavior resulting from the sum of each element.
With the sum of the elements, a mesh is obtained, which can
have variations that result in greater accurate and compu-
tational cost, depending on the configuration used. There are
several ways to determine each element, which are sub-
divided for mathematical evaluation. In this paper, the
triangular shapes on the boundary are used for mesh. The
number of finite element and boundary element is designed
as 53066 and 2083, respectively. The computational time of
the analyses is three seconds. The operations that will be
applied when a problem is solved with a finite element
package software COMSOL are given as follows:

(i) The problem is geometrically plot

(ii) Materials and properties of the region are defined
for the geometry

(iii) Boundary conditions for the problem are identified

(iv) The geometry is divided into smaller subregions,
and equations for these subregions are defined

: 4 z
3

6

FIGURE 4: The cable joint geometry. (1) Stress cone; (2) middle
electrode; (3) cable insulation (XLPE); (4) joint insulation (EPDM);
(5) connector; (6) conductor.

TaBLE 1: 500kV HV cable information.

Cable dimensions

Size (mm?) 2500
Diameter (mm) 63,5
Thickness of insulation (mm) 30
Thickness of conductive screen (mm) 1,6

according to the boundary conditions by the
software

(v) The mathematical model is solved by the package
software by considering all the stated conditions

Stress cone design in joint geometry for 500kV high-
voltage underground cables analysed in Comsol Multi-
physics program. The design of high-voltage underground
cable accessories has been examined for different stress cone
geometries and without stress cones. In addition, different
conditions for joint design have been analysed compara-
tively. The joint used in the simulation is an ethylene
propylene diene monomer (EPDM) filled flat connection for
500kV crosslinked polyethylene (XLPE) cables. Figure 4
shows the joint geometry and part of the joint.

Information about the cable used in the simulation is
given in Table 1.
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TABLE 2: Material parameters for 500kV EHV cable joint [26].

Material Relative permittivity Conductivity (S/m)
Cable core 1 5.7 x 107
Semiconductive stress cone 50 10

XLPE 2.3 1071
Nonlinear material 43 o=f(E)
EPDM 2.6 10715
Semiconducting middle electrode 50 10

The properties of the cable insulation system consisting
of insulation materials used in the joint design are presented
in Table 2.

These materials have been selected to keep the maximum
electric field stress under control. The AC voltage test
specification states that the cable joints should be tested at
2.5 U0 for 15 minutes with no breakdown. In this paper,
1550kV impulse voltage has been applied in the joint. The
3D voltage profile of the proposed model is given in Figure 5.

4. Simulation Results and Effect of Stress
Cone Design

During cable joint production, stress control is concentrated
in areas where the cable screens are peeled off. Design is
important for these regions. The contour plot of the voltage
profile in the joint is given in Figure 6. Electric field stress
control is carried out by means of the middle electrode in the
connector area and the stress cone.

The joint designs without stress cones are shown in
Figure 7. Here, the critical regions must be determined from
the electric field distribution in the direction of the z
component. The electric field distribution in the region
indicated by the red line is given in Figures 7 and 8.

It is observed that the electric field value reaches ap-
proximately 34kV/mm in critical regions. Reducing this
value in critical areas is essential for component safety. In
this case, along with the deformation of the insulation,
failure will occur as a result of partial discharge and
breakdown. Even if increasing the size of the insulation
material allows the electric field to be reduced in these areas,
this is not an effective approach. Therefore, an optimal stress
cone design can provide stress control in this region. The
joint structure with stress cone analysed is shown in Figure 9.

Using the stress cone, the highest stress can be seen to be
approximately 21 kV/mm at the critical region of the joint
(Figure 10).

Stress cone is the most important component of the
joint, which reduces the maximum electric field stress that
condenses at the critical point where the screen ends during
cable jointing, thus preventing partial discharge and insu-
lation problems. In the analyses, the electric field value in the
critical region has been reduced using the neural network-
based optimal stress cone design. Additionally, the effect of
joint geometry on the tangential electric field strength in
material interfaces is shown in the analysis.

While determining the optimum stress cone design, the
effect of the distance between the stress cone and the middle
electrode, which is one of the most important parameters, on
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FIGURE 5: 3D view of the cable joint and voltage profile.
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FIGURE 6: Voltage profile of the cable joint.

the electric field distribution in critical regions was inves-
tigated (Table 3). The variation of the electric field values (in
different regions as shown in Figure 11) according to the
distance between the middle electrode and the stress cone
was examined.

In Figure 11, A is the outer stress cone, curvature, side
electrode, or semiconductive deflector. B shows the distance
between the stress cone and the middle electrode. Middle
electrode, EHV deflector, Faraday cage, or inner stress cone
are presented by C. Stress cone and cable insulation interface
are indicated with D. As it can be seen from Table 3, the
electric fields in different regions are determined by
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FIGURE 9: Critical region of the joint with stress cone. (a) Electric field density. (b) Mesh of the cable joint.

increasing the electrode length by 2 cm intervals for each
design scenario. While the electric field in different regions
constitutes the input vector of artificial neural networks, the
output vector is the distance between the stress cone and the
middle electrode.

The neural network-based model was run 100 times, and
the best, worst, average, and standard deviation (Std) values
of the error performance criteria are shown in Table 4. After

the training and testing are completed, the artificial neural
network gives the optimal distance to the desired electric
field values.

Considering the permissible electric field levels in critical
regions for a 500 kV joint, the joint number 5 is obtained in
the model created in the neural network. The created model
will contribute to the decision-making at different voltage
levels.
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TaBLE 3: Electric field changes according to different geometries.
Electric fields (kV/mm)
Joint number Stress cone-middle electrode (cm) z=0
B C D E F G
r=31lcm r=67cm r=91cm
1 24 9.355 23.466 12.470 19.985 30.114 35.693 0.209
2 22 9.347 23.443 12.504 19.998 30.092 35.705 0.211
3 20 9.335 23.410 12.493 20.008 30.087 35.724 0.210
4 18 9.333 23.362 12.639 20.028 30.079 35.751 0.211
5 16 9.321 23.304 12.562 20.060 30.069 35.788 0.214
6 14 9.299 23.226 12.597 20.102 30.073 35.829 0.214
7 12 9.277 23.111 12.727 20.159 30.053 35.900 0.217
8 10 9.245 22.951 12.740 20.243 30.026 36.004 0.221
9 8 9.227 22.715 12.905 20.356 29.968 36.154 0.226
10 6 9.165 22.375 12.938 20.529 29.924 36.374 0.234
11 4 9.083 21.818 12.950 20.819 29.808 36.731 0.247
12 2 9.624 20.765 13.148 21.336 29.643 37.378 0.272
o N ( w
F |
E
FiGUre 11: The joint regions used in the data set for the neural network model.
TaBLE 4: Comparison of model training and test results with 100 independent runs.
Training Test
RMSE MSE MAE RMSE MSE MAE
Best 1.57e-03 2.46e-06 1.07e-03 1.41e-02 1.98¢-04 1.12¢-02
Worst 8.09e—02 6.55¢-03 6.68¢—02 2.14e-01 4.58¢-02 2.13e-01
Mean 1.48¢—02 4.20e-04 1.10e-02 1.07¢-01 1.31e-02 9.25¢-02
Std. 1.42¢-02 9.58¢—04 1.24e—02 4.09¢—02 9.27¢-03 3.71e-02

Silicone rubber semiconductor and conductive com-
ponents designed according to the geometric stress control
method have been designed with iterative steps until all

desired ambient conditions. It has been predefined to
achieve the desired final accessory design using the neural

network model.
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Figure 13: Electric field variations in different regions for joint
numbers-5 and 12.

Electric field distribution was obtained with the optimal
model blue line (joint number 5) and joint number 12; that
is, the green line for different regions is also presented in
Figure 12.
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The electric field distribution on the EPDM surface is
shown in Figure 13 for both scenarios (joint numbers 5 and
12).

It is seen that the electric field distribution in Figure 12
for the optimal model (joint number 5) that was found by the
neural network model in the region where EPDM is located
remains within the allowable limits as stated in the literature
[36].

5. Conclusion

The optimal joint design has become increasingly important
with the widespread use of cables at extra high-voltage levels.
One of the most important components in the joint design is
the creation of an optimal stress cone structure. Especially,
determining and decreasing the area of the highest electric
field on the joint is an important factor in terms of partial
discharges.

In this paper, the electric field stress created by the high-
voltage level at critical points has been kept under control
with the appropriate joint design via simulation and neural
network-based optimization. The use of stress cone con-
figuration reduces the maximum electric field strength in-
side the EHV joint. The use of the stress cone has been
successful in controlling the maximum electric field in the
joint design. However, the distance of the stress cone to the
middle electrode is an important problem in the design. A
neural network-based model is used to solve this problem. In
this way, the electric fields in different critical regions are
optimized with the neural network-based stress cone design.
Model performance with 12 different scenarios is shown
comparatively in this paper. In the results obtained,
choosing the distance between the stress cone and the
middle electrode as 16 cm is the most appropriate value for a
500kV joint.

This initial phase of the study will continue with the
experimental verification of the optimal design.
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