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Our significant contribution is to bring improvements to the level of existing formulations for the different
layers of high-voltage underground cables using the concept of composite. This paper is focused on studying
the impact of additives on the electric field behaviour in the different dielectric layers of a three-core XLPE
power cable using Matlab software and a finite element approach in COMSOL Multiphysics software. This
study is an extension of previous studies only interested in the insulating part of the cables. The reduction in
the electric field with the augmentation of fillers was observed, and it’s very significant in insulating layers. In
semiconducting layers, it also leads to an increase in the electric field in the insulation layers. While in the other
dielectrics layers, there is no effect. The results indicate that the electric field strength could be controlled by
adjusting the relative permittivity of the dielectrics by adding single or multiple particles.

Keywords: power cable, dielectric composite materials, electric field, permittivity, COMSOL Multiphysics software

List of Symbols/Acronyms

C — Natural Graphite;

EPR — Ethylene Propylene Rubber;

FEM — Finite Element Method;

Ge — Germanium;

HV — High Voltage;

PVC — Polyvinyl Chloride;

g — Material’s VVolume Fraction;

qi,n) — Material’s Volume Fraction of the ith Composite
Component;

Si — Silicon;

XLPE — Cross-linked Polyethylene;

Zn0O — Zinc Oxide;

eofr — Effective Relative Permittivity of the Composite
Materials;

£,n) — Material’s Relative Permittivity of ith Composite
Component;

&, — Relative Permittivity of the Medium;

&g — Permittivity of Free Space;

& — Matrix’s Relative Permittivity of the Composite
Materials;

&, — Inclusion’s Relative Permittivity of the Composite
Materials;

E — Electric Field [V/m];

D — Electrical Displacement [C/m?];

F — Frequency [Hz];

p — Free Charge Density [C/m?3].

Received 2024-02-20; Accepted 2024-08-17; Available online 2024-08-19

1. INTRODUCTION

In recent years, there has been significant growth
in the usage of underground power cables in both
distribution and transmission networks. The use of
electrical cables is growing rapidly due to the
growing requirement for electrical energy and the
expanding resident density in various areas.
Compared to overhead transmission lines, power
cables are more often employed in downtown
distribution networks due to the simplicity of
installation and absence of interference with the
appearance of the city throughout installation [1],
their visual effect, intense civil opposition, the
difficulties of expropriating the damaged land within
in the project’s timeline and cost constraints etc [1,
2].

Three-core underground power cables have
certain advantages over the utilisation of three
underground power cables in technical and
economic terms, such as minimisation of losses,
reduction in the cost of cable manufacture, weight,
and space occupied by the cable to transmit the same
power. Polymers are mostly employed as functional
materials [3] and have been extensively employed as
electrical insulation materials for underground
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cables since the early 20th century because of their
dependability, availability, simplicity of
manufacturing, low costs [4, 5], their lightweight
nature, impact resistance and show a good vibration
damping performance [3]. Among polymeric
materials, cross-linked polyethylene  (XLPE)
possesses the finest insulating properties [6]. Indeed,
high-voltage power cables usually use cross-linked
polyethylene (XLPE) as insulation material [6,7] and
are also employed in extra-high-voltage cables in
addition to low and medium-voltage cables [6]. The
high electric field, elevated temperatures, and
mechanical stress lead the insulation materials to
deteriorate and eventually cause dielectric
breakdown over a long period [8].

To enhance the performance of electrical cables,
additive materials can be integrated into the
polymeric insulating material to generate so-called
polymer composites [9]. Today, a wide range of
industries sectors use composite materials, and the
study of their behaviour is becoming more and more
crucial. In comparison to traditional materials, they
have more advantages, such as high specific strength
and stiffness, high fatigue performance and
corrosion resistance [10].

Composite materials typically consist of two or
more components having considerably different
physical and/or chemical characteristics. The
controlled combination of the components results in
new materials with different properties from those of
the individual components [11, 12]. In addition,
composite materials are now often defined as an
arrangement of reinforcements (also called fillers)
embedded in a matrix [12]. Recently, considerable
research has focused on developing these materials
using the composite concept to improve their
properties and increase the life and reliability of
these insulators in high-voltage underground cables
[9, 13-17]. But these studies are only interested in the
insulating part of high-voltage underground cables.
This paper is based on the study of the impact of
additive materials such as natural graphite (C) and
zinc oxide (ZnO) on the electric field behaviour in
the different dielectric layers, as well as germanium
(Ge) and natural graphite (C) in the different
semiconducting layers of a 33 kV high-voltage three
core electric cable. The electrical cable model is
created in COMSOL Multiphysics software using
the finite element approach.

Due to its very low dielectric loss factor, which
keeps constant throughout its entire operating
lifetime, and the excellent properties of the XLPE
insulation material, it is firmly longitudinally spliced
with an inner and outer screen of semi-conductive
material; the cable has high operational reliability. It
is used in transformer stations, switchgear, power
plants, and industrial installations [18].

2. MODEL GEOMETRY AND SIMULATION
PARAMETERS

Figure 1 illustrates a three-core high-voltage
underground cable with XLPE insulation and steel
wire armouring CU / XLPE/ SWA/ PVC 33 kV,
3 x 70 mm? [18].

Fig. 1. Three-core high-voltage power cable
with XLPE insulation and steel wire
armouring [18]

Figure 2 illustrates the geometry of a 2D model
that corresponds to the simulation case study. It
shows the cross-section of a three-core high-voltage
power underground cable.
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Fig. 2. The geometry of the 2D model of the
HV cable cross-section

Tables (1, 2) summarise the geometric quantities
and physical parameters of the cable materials
necessary to define the medium and the subdomain,
respectively.

Table 1. Technical specification of high-voltage
underground cable 33 kV [18]

Parameters Values
[mm]
Diameter of conductor 9.43
The thickness of the conductor screen 0.3
The thickness of insulation (XLPE) 8
The thickness of the insulation screen 0.3
Inner sheath thickness 1.8
Armour wire diameter 3.15
The thickness of the outer PVVC sheath 3.6

The approximate cable overall diameter 84
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Table 2. The electrical characteristics of materials used for a 33 kV XLPE underground Cable [18-25]

Electrical relative Electrical Electrical
Components Materials Permittivit Conductivity Resistivity
y [S/m] [Ohm.m]
Conductor Copper 1 5.96 x 107 1.677 x 1078
Semiconducting layers Silicon 11.9 4347 x 107* 2.3x103
Insulation XLPE 2.3 10718 1018
Inner metallic sheath Copper 1 5.96 x 107 1.677 x 1078
Filler, Swelling tape EPR 2.35 10715 1015
Armour copper wire Galvanized steel 1 6.2 x 10° 1.61 x 1077
Outer sheath PVC 3 10715 1015
33
3. MATHEMATICAL MODELING Vo= ZKV )

In COMSOL Multiphysics, a two-dimensional
model is created. It employs the finite element
method (FEM), which converts the intended model
into a mesh of several elements. It’s employed to
calculate the values of each point in the model to get
precise results. There are several software modules.
The AC/DC module and electrostatic subdivision
were employed in this analysis to determine the
cable’s potential and electric field distributions [26].

The electric field E could be obtained from the
negative gradient scalar potential 7, as written in (1)
below [26]:

E=-VV €Y}

The following formula (2) relates the electric
displacement D to the electric field E:

D = gy, E (2)

Where ¢, denotes the insulating medium’s
relative permittivity.

The relationship between electrical displacement
D and a free charge density p may be computed
using Gauss’s law as follows:

V.D=p 3)

Hence, the Poisson equation can be expressed in
terms of scalar electric potential calculated as
indicate in equation 4:

vy = -2 @)

Assuming that the issue is two-dimensional, (4)
may alternatively be written as follows [25]:
GZV 02 V p
- (5)
ax? ay €
The core voltages are a balanced three-core set at
a frequency f = 50 Hz and are given below:

V=V, (6)
_J2nm

VZ = Vo e 3 (7)
]271:

Vz=Vy-e (8)

In this study, the RMS vaIue of the line voltage
is 33 kV, so:

The effective permittivity of a binary dielectric
mixture is determined using Bruggeman’s model.
The presumption that explicit host content exists no
more exists. Rather, the particles of every single
material component are expected to be enclosed in
an effective medium whose permittivity equals the
permittivity of the mixture e that we are

attempting to determine [27]. Thus, must be
determined from the relationship [28]:
— Eeff €2 — Eeff

(1-q =0 (10)
& + 2&epr & 2Eege

A general form of the Béttcher equation for a
multi-phase system is given by [29]:

z & — Eeff =0
G T 26 & + 2&q¢r

4. RESULTS AND DISCUSSION

(11D

Composite materials can be used to improve the
performance of electrical cables and offer many
advantages, such as the minimisation of microscopic
defects, low dielectric loss, and long service life.
Tables (3, 4) below show the calculated dielectric
permittivities of the different layers of the cable
according to the concentration of the individual and
multiple additive materials.

To acquire accurate findings through finite
element analysis, the critical regions are subdivided
into tiny regions named elements, referred to as
meshing, as seen in Figure 3.

3. MATHEMATICAL MODELING

In COMSOL Multiphysics, a two-dimensional
model is created. It employs the finite element
method (FEM), which converts the intended model
into a mesh of several elements. It’s employed to
calculate the values of each point in the model to get
precise results. There are several software modules.
The AC/DC module and electrostatic subdivision
were employed in this analysis to determine the
cable’s potential and electric field distributions [26].
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The electric field E could be obtained from the
negative gradient scalar potential V/, as written in (1)
below [26]:

E=-v €Y

The following formula (2) relates the electric
displacement D to the electric field E:

D = gy, E 2)

Where ¢, denotes the insulating medium’s
relative permittivity.

The relationship between electrical displacement
D and a free charge density p may be computed
using Gauss’s law as follows:

V.D=p 3)

Hence, the Poisson equation can be expressed in
terms of scalar electric potential calculated as
indicate in equation 4:

p

V2Y = = 4)
&

Assuming that the issue is two-dimensional, (4)
may alternatively be written as follows [25]:
0%V 0% p c
dx? * ay? ¢ ®)
The core voltages are a balanced three-core set at
a frequency f = 50 Hz and are given below:

Vl = VO (6)
_Jem

VZ = VO e 3 (7)
iz

V3 = VO e 3 (8)

In this study, the RMS value of the line voltage

The effective permittivity of a binary dielectric
mixture is determined using Bruggeman’s model.
The presumption that explicit host content exists no
more exists. Rather, the particles of every single
material component are expected to be enclosed in
an effective medium whose permittivity equals the
permittivity of the mixture e, that we are
attempting to determine [27]. Thus, must be
determined from the relationship [28]:

€1 — Eeff €2 — Eeff
1-q
&1 + ZEeff & + ZSeff

A general form of the Béttcher equation for a

multi-phase system is given by [29]:
n

Ei — Eeff
—=0 11
qu €i+2€eff ( )

i=1

=0 (10

4. RESULTS AND DISCUSSION

Composite materials can be used to improve the
performance of electrical cables and offer many
advantages, such as the minimisation of microscopic
defects, low dielectric loss, and long service life.
Tables (3, 4) below show the calculated dielectric
permittivities of the different layers of the cable
according to the concentration of the individual and
multiple additive materials.

To acquire accurate findings through finite
element analysis, the critical regions are subdivided

is 33 kV, so: into tiny regions named elements, referred to as

33 meshing, as seen in Figure 3.
V, = —=kV )
HE
Table 3. The dielectric permittivities of the different cable layers depend on the concentration of the individual additive
materials
Materials Semiconductor Si Insulation XLPE Common screen EPR Outer sheath PVC
Concentrations
Additive materials C Ge C ZnO C ZnO C ZnO
0% 11.9 2.3 2.35 3
25% 11.971 11.992 2.4160 2.3853 2.4674 2.4358 3.1326 3.0892
5% 12.043 12.085 2.5410 2.4748 2.5937 2.5256 3.2735 3.1816
75% 12.115 12.178 2.6757 2.5684 2.7297 2.6196 3.4231 3.2770
10 % 12.188 12.272 2.8206 2.6664 2.8759 2.7178 3.5818 3.3756
125 % 12.261 12.367 2.9765 2.7687 3.0329 2.8203 3.7500 3.4774
15 % 12.334 12.462 3.1441 2.8756 3.2015 2.9272 3.9280 3.5824
175% 12.407 12.557 3.3237 2.9869 3.3820 3.0385 4.1146 3.6907
20% 12.481 12.654 3.5161 3.1029 3.5750 3.1543 4.3147 3.8021
225% 12.555 12.750 3.7215 3.2235 3.7809 3.2746 4.5237 3.9167
25% 12.629 12.847 3.9403 3.3487 4 3.3994 4.7434 4.0345
275% 12.704 12.945 4.1727 3.4784 4.2324 3.5286 4.9737 4.1554
30 % 12.779 13.044 4.4188 3.6127 4.4782 3.6631 5.2147 4.2795
Where:

Ge: Germanium has a dielectric permittivity of 16 [20];
C: Natural graphite has an equal dielectric permittivity of 12-15 [30];
ZnO: Zinc oxide has a dielectric permittivity of 8.75 [31].
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Table 4. The dielectric permittivities of the several layers of the cable as a function of the concentration of the multiple

additive materials

Materials Semiconductor Insulation Common screen Outer sheath
Si XLPE EPR PVC
Concentration
of additive materials
0% 11.9 2.3 2.35 3
25%Ge,25%C 12.064 2.507 2.559 3.227
5% Ge,5% C 12.230 2.741 2.795 3.476
75%Ge, 7.5%C 12.398 3.004 3.058 3.748
10% Ge, 10% C 12.567 3.298 3.353 4.045
12.5% Ge, 125% C 12.738 3.623 3.679 4.366
15% Ge, 15% C 12.911 3.983 4.037 4,713
L L L 1 - o
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1
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T T T T T
-0.06 0.045 -0.03 <0015 © 0015 003 0.045
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Fig. 3. The meshing geometric model of a three-core

high-voltage underground cable with XLPE insulation
and steel wire armouring

4.1. Electric potential distribution

The simulation model of the electric potential
distribution is shown in Figure 4.

Figure 4 shows the electrical distribution
potential for the wunderground cable model.
Considering the variations in the phase angle of the

oossf T T T T T ™)

0.03

Y axis (m)
)
T

s s 1 ' s ' L
-0.045 -0.03 -0.015 o 0.015 0.03 0.045

X axis (m)

Fig. 4. Electric potential distribution in three-
core XLPE high-voltage underground cable
model

applied electric potential at each core, this situation
is expected. The electric potential distribution is
higher and constant inside the core and decreases as
a function of the radius around the different cable
layers. It is weak at the end of the cable.

4.2. Electric field distribution
The simulation model of the electric field
distribution is illustrated in Figure 5.

Y axis (m)

-0.045

L 1 L L L n
-0.045 -003 -0.015 ] 0015 003 0045

X axis (m)

Fig. 5. Electric field distribution in three-core
XLPE high-voltage underground cable model

We can observe the rotational symmetry of the
electric field around the three conductors, which is
expected due to the symmetry of the cable. The
electric field inside the core is null, whereas the
electric field strength distribution near the core is
high, reaches its maximum value, and becomes
lower at the cable’s ending. It decreased as a function
of cable radius.

The following results illustrate the impact of
individual and multiple additive materials in the
different dielectric layers of the high-voltage
underground cable on the behaviour of the electric
field distribution with several concentrations.

4.2.1. The effect of additive materials in the
inner semiconducting layer

In order to study the impact of additive materials
in the inner semiconducting layer on the electric field
behaviour in the cable. Figures (6, 7, 8) illustrate the
electric field behaviour inside high-voltage
underground cables by adding additive materials
with several concentrations, which the variant is the
internal semi-conductive layer of pure silicon (Si)
and composites with germanium (Ge), natural
graphite (C), and multiple, respectively.

Figures (9, 10) show the maximum electric field
strength in the inner semiconducting layer and the
insulating layer, respectively, as a function of
additive material concentration.
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Fig. 6. Effect of germanium in the inner
semiconducting layer on the electric field
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Fig. 7. Effect of natural graphite in the inner
semiconducting layer on the electric field
behaviour in the cable
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Fig. 8. Effect of germanium and natural
graphite in the inner semiconducting layer
on the electric field behaviour in the cable
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Fig. 9. The maximum electric field strength
in the inner semiconducting layer as
a function of additive materials concentration
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Fig. 10. The maximum electric field strength
in the insulating layer as a function additive
materials concentration

In the area corresponding to the internal
semiconducting  (x:0.0242 — 0.0245m, y:0—
0.042 m), it can be seen that the electric field
distribution decreases with increasing concentration
of the individual and multiple additive materials; as
the electric field strength in the case of pure silicon
reaches 788.616 kV/m in this area, it decreases as a
function of germanium, natural graphite, and
multiple, it reaches 720.249 kV/m approximately
8.67 %, 734.986kV/m around 6.80%, and
727.573 kV/m about 7.74 %, respectively, at 30 %
of the concentration of additive materials.

However, in the area corresponding to the
insulating part of the high-voltage cable
(x: 0.0245 — 0.0325 m, y: 0 — 0.042 m), where the
electric field distribution is maximum, it can be seen
that the electric field distribution increases with
increasing concentration of the individual and
multiple additive materials as the electric field
strength in the case of pure silicon reaches
3758.066 kV/m in this area, it increases as a
function of germanium, natural graphite, and
multiple, it reaches 3762.130 kV/m approximately
0.108 %, 3761.254 kV/m around 0.084 %, and
3761.695 kV/m close to 0.096 %, respectively, at
30 % of the concentration of additive materials.

4.2.2. The effect of additive materials in the

insulating layer

In order to study the impact of additive materials
in the insulating layer on the electric field behaviour
in the cable. Figures (11, 12, 13) illustrate the electric
field behaviour inside high-voltage underground
cables by adding additive materials with several
concentrations, which the variant is pure cross-
linked polyethylene (XLPE) insulating layer and
natural graphite (C), zinc oxide (ZnQO), and multiple
composites, respectively.

Figure 14 shows the maximum electric field
strength in the insulating layer as a function of
additive material concentration.
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In the area corresponding to the insulating part of
the high-voltage cable (x:0.0245 — 0.0325m,y :
0 — 0.042 m), where the electric field distribution is
maximum, it is observed that the electric field
distribution decreases with increasing concentration
of the individual and multiple additive materials, as
the electric field intensity of pure cross-linked
polyethylene, in this case, reaches 3758.066 kV/m,
it decreases as a function of natural graphite, zinc
oxide, and multiple, it reaches 3700.590 kV/m

approximately 1.53 %, 3722.244kV/m around
0.953% and 3712.276 kV/m about 1.218 %,
respectively, at 30 % of the concentration of additive
materials.
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Fig. 14. The maximum electric field strength
in the insulating layer as a function
of additive materials concentration

4.2.3. The effect of additive materials in the

outer semiconducting layer

In order to study the impact of additive materials
in the external semiconducting layer on the electric
field behaviour in the cable. Figures (15, 16, 17)
illustrate the electric field behaviour inside high
voltage underground cables by adding additive
materials with several concentrations, which the
variant is the external semi-conductive layer of pure
silicon (Si) and composites with germanium (Ge),
natural graphite (C), and multiple, respectively.

Figures (18, 19) show the maximum electric field
strength in the external semiconducting layer and the
insulating layer, respectively, as a function of
additive material concentration.
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Fig. 15. Effect of germanium in the external
semiconducting layer on the electric field behaviour
in the cable

In the area corresponding to the external
semiconducting (x:0.0325 —0.0328 m, y:0 —
0.042 m), it can be seen that the electric field
distribution decreases with increasing concentration
of the individual and multiple additive materials; as
the electric field strength in the case of pure silicon
reaches 279.755 kV/m in this area, it decreases as
a function of germanium, natural graphite, and
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Fig. 19. The maximum electric field strength in the
insulating layer as a function of additive materials

concentration

multiple, it reaches 255.329 kV/m approximately
8.73 %, 260.591 kV/m around 6.85%, and
257.944 kV/m about 7.79 %, respectively, at 30 %
of the concentration of additive materials. However,
in the area corresponding to the insulating part of the
high-voltage cable (x:0.0245 — 0.0325m,y: 0 —
0.042 m), where the electric field distribution is
maximum, it can be seen that the electric field
distribution increases with increasing concentration
of the individual and multiple additive materials as
the electric field strength in the case of pure silicon
reaches 3758.066 kV/m in this area, it increases as
a function of germanium, natural graphite, and
multiple, it reaches 3759.563 kV/m approximately
0.039 %, 3759.241 kV/m around 0.031 %, and
3759.403 kV/m close to 0.035 %, respectively, at
30 % of the concentration of additive materials.

4.2.4. The effect of additive materials in the

common screen and the outer sheath layers

In order to study the impact of additive materials
in the common screen layer and the outer sheath
layer on the electric field behaviour in the cable.

Figures (20, 21) illustrate the electric field
behaviour inside high-voltage underground cables
by adding additive materials with different
concentrations, which the variant is the common
screen layer of pure ethylene propylene rubber
(EPR), and a composite of natural graphite (C) and
the outer sheath layer of pure polyvinyl chloride
(PVC), and a composite of natural graphite (C),
respectively.

r d

—— Pure FPR

35 = = =(23%C)/EPR

(5% C)/EPR
= 3 (73%C)/ EPR
E 25 — )/ EPR
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Fig. 20. Effect of natural graphite in the common
screen layer on the electric field behaviour in the
cable
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Fig. 21. Effect of natural graphite in the outer sheath
layer on the electric field behaviour in the cable
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According to the (Figures 20, 21), it can be seen
that the increase in the concentration of the
individual additive materials doesn’t affect the
electric field distribution in the cable since the
electric potentials are grounded in the common
screen layer. Therefore, the electric field distribution
in these layers (common screen and outer sheath) is
null. The maximum electric field strength around the
cable is 3755.623 kV/m. In this case, we have
studied the effect of other individuals (ZnO) and
multiple (C + ZnO) additive materials. Still, as long
as the additive materials don’t influence the electric
field distribution in the cable and for this reason,
only the effect of natural graphite was shown.

5. CONCLUSION

The electrical characterisation of an underground
high-voltage power cable can be simulated and
analysed using numerical modelling with great
accuracy and reduced computational time.

The study shows how this investigation can be
performed with the finite element method
implemented and solved efficiently by COMSOL
Multiphysics software.

The addition of single or multiple particles to the
pure materials corresponding to the different layers
of the underground high-voltage power cable
changes the dielectric constant of the material and
affects the electric field distribution in the
underground high voltage power cable.

Using individual and multi-composite materials
instead of pure materials decreases the electric field
distribution depending on the concentration of the
individual or multiple additive materials. As the
additive particle has high dielectric permittivity, the
decrease of the electric field distribution in the
corresponding layers in the underground high
voltage cable is considerable.

The reduction of the electric field distribution as
a function of the concentration of individual or
multiple additive materials in the insulating layer is
the most important compared to the other
underground high-voltage electric cable layers.

Adding single or multiple particles to the pure
materials in the internal and external semiconducting
layers increase the electric field distribution in the
insulating layer significantly.

Adding single or multiple particles to the pure
materials of the different dielectric layers that come
after the power cable’s outer semiconducting layer
doesn’t affect the electric field distribution because
the electric potentials at the common screen layer are
grounded.
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