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Abstract. This paper is focusing on 3D Finite Elements Analysis (FEA) based modelling of protrusions as defects or imperfections in the
XLPE high voltage cable. This study is aiming to examine the impact protrusions have on the initiation of partial discharges. Spherical and
ellipsoidal protrusions with different sizes at the conductor screen of the high voltage cable is an essential content of this paper. In addition,
a spherical gas-filled void is placed inside and outside the protrusions, and a water tree produced from protrusions is under consideration. The
partial discharge influence taking place at the protrusions and the stress enhancement factor is determined for all the variations mentioned to
quantify the rise in the inception of partial discharges due to the protrusions.
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1. Introduction

XLPE insulation is regularly employed for HV cables because it
possesses exceptional electrical and mechanical features [1, 2].
Yet, aging of XLPE insulation occurs as a result of variations
in the properties it possesses when subjected to a change in
permittivity and a distorted electric field [2, 3]. This can be
substantiated by the consequence of the initiation of partial
discharges that would eventually cause the deterioration of the
insulation until a total failure of the cable [4-7]. Aging of the
XLPE insulation impacts electrical strength, the dielectric loss
factor, and the resistivity of the insulation. Subsequently, contin-
uous monitoring and safety procedures of the XLPE are vital to
evade any malfunction occurring in the power cable [6]. One of
the critical reasons for the degradation of power cables are the
defects/irregularities in the insulation [1-8]. The irregularities
are usually gas-filled voids and protrusions as shown in Fig. 1.

These irregularities are bases of partial discharges in XLPE
that plays a role in the deterioration of HV equipment result-
ing in a breakdown [2, 5-7]. Three irregularities are taken into
account in this paper. Those irregularities entail protrusions
(main defect under investigation), vented water trees, and cav-
ities (or voids).

These irregularities distort the electrical field across the
insulation increasing the degree of non-uniformity of the
field. Moreover, the conduction and polarization properties are
impacted, and the intensity of partial discharges occurring rises,
which places the HV cable in a susceptible condition [2, 8-9].
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Fig. 1. Defects found in high voltage cables with XLPE insulation

The space charges tend to accumulate at the defects which
are also attributed as an influencing factor for high electrical
stresses within the XLPE insulation [10—12].

This paper involves the grouping of more than one defect
in the same locality of XLPE and studying their effect. This
is crucial because most papers study the impact on the electric
field distribution merely due to one kind of defect and they
don’t exemplify the consequence of having different combina-
tions of defects in the same vicinity in XLPE. Furthermore, to
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fully comprehend the effect of more than one imperfection on
the inception of partial discharges, their structures are altered.

Having voids inside and outside the protrusions, and vented
water trees grown from protrusions is also not profoundly
researched as most papers just investigate the protrusions on
its own which is not always the case in practical situations. The
reference [8] is on the effect of protrusions in HVDC cables
and considers the effect of spherical and spheroidal protrusions
on the electric field and from that determine the changes in
the stress enhancement factor. Therefore, this paper attempts
to build on that by considering voids inside and outside the
protrusions and vented water trees grown from protrusions
mentioned previously at the conductor screen which is a con-
figuration rarely investigated although it happens in practice.
Consequently, these alterations mentioned will be taken into
account for practical applications to take the appropriate mitiga-
tions versus the weakening of power cables due to these defects.

The main contribution is that the edge of the protrusion at
the conductor screen and the different permittivity between the
conductor screen and the XLPE insulation causes the electric
stress in the insulation to rise. That leads to the initiation of par-
tial discharges at the edge and if the space charges accumulated
at that edge possess a certain amount of energy then that will
cause treeing to occur. Therefore, the proposed paper considers
vented water trees growing from protrusions as the process
described proves that water trees can grow in the presence of
protrusions. Otherwise, if the appropriate countermeasures are
not considered, the discharge channel will grow to the opposite
electrode until the two electrodes are electrically connected and
that ultimately will lead to the breakdown of the insulation
material and a huge failure of the power cable. In addition, it
is only possible for the inception of water trees to take place if
moisture is present in the insulation. This can occur in regions
with humidity. Therefore, the paper attempts to consider the
effect that water trees have on the cable insulation as part of
the paper contribution.

This paper also attempts to consider gas-filled voids as many
researchers still consider air-filled voids rather than gas-filled
voids. Due to the development of cables and the triple extrusion
that takes place, it is not possible to introduce air, however, gas
inclusions can take place from by-products of the cross-linking
process. The production of cables with XLPE insulation has
been improving in the last decades as to ensure that failure of
the insulating medium is brought to a minimum. The production
of cables nowadays follows a process of extruding three main
layers in cables: the conductor screen, insulation screen, and the
XLPE insulation. This process manufactures extruded insulated
cables which makes it almost impossible to have air, dust, or
other irregularities present in the insulating medium. However,
some of the aforementioned defects might take place due to
destructive factors or errors done in the manufacturing process.

This paper focuses on an FEA modelling of protrusions
as defects or imperfections in an XLPE high voltage cable to
examine the impact they have on the electric field distribu-
tion. Spherical and ellipsoidal protrusions will be investigated
with different sizes at the conductor screen of the power cable.
A spherical gas-filled void will be placed inside and outside the

protrusions, and a vented water tree grown from the protrusions
will be considered. The impact on the inception of partial dis-
charges in the presence of protrusions and the stress enhance-
ment factor will be determined for all the variations mentioned
as it will quantify the rise in the initiation of partial discharges
due to the protrusions. It should be noted that, in the present
design of HV cables consists of the conductor screen, the XLPE
insulation, and the insulation screen. Those are extruded all
together in one process to create a powerful bond between the
screens and the XLPE. Ultimately, this will avoid the presence
of a cavity between these screens. However, a cavity can still
be found in the event that destructive factors take place during
the installation of the HV cable.

The paper is arranged as follows: Section 2 explains the
origin and development of PDs. Section 3 exemplifies the AC
and DC void insulation models. Then Section 4 explains the
types of defects studied in this paper. Next, Section 5 explains
the PD COMSOL 3D modeling and gives an outline of the
simulations done regarding the variations done with the defects.
In Section 6, the FEA data and analytical solutions are shown
and exemplified.

2. Partial discharge origin and development

PDs are usually affected by factors such as humidity and tem-
perature (Paschen’s law), mechanical influence, and imperfec-
tions in the insulating medium. The imperfections or defects
usually entail electrical and water treeing, gas-filled voids, and
electrodes with floating potential.

The development of PDs is also a result of the permittiv-
ity changes between a defect and the dielectric medium in the
cable. Consequently, this leads to the chemical degradation of
the insulation material and field ionization due to the colli-
sion of molecules arise, resulting in the avalanche effect [13].
Therefore, if monitoring techniques were not used, a breakdown
of the cable dielectric material would take place. PD in high
voltage cables can be subcategorized into surface, internal, and
corona discharges. For instance, if a gas-filled void is consid-
ered as the defect under investigation the inception PD would be
as a result of gas composition, electronegative gases, and sur-
face erosion. These processes would ultimately lead to changes
in pressure, conductivity, temperature, surface roughness, etc.
[13]. Consequently, having a void will aid the inception of elec-
trical trees and will make the consequences more dire if it is
in the vicinity of a protrusion as the space magnitude increases
towards protrusions and voids leading to a higher electric stress,
which in turn decreases the breakdown voltage [14].

3. AC and DC void discharge models

When detecting partial discharges with the application of AC
and DC voltages, differences in the mechanisms take place. At
AC, PD activity can be represented by capacitors to characterize
the properties of the XLPE insulating medium [4]. The com-
monly utilized model for solid dielectrics with the presence of
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(a)

(b)

Fig. 2. Equivalent void discharge model with (a) AC voltage source
(b) DC voltage source

voids is the three-capacitor model (or the abc-model) as shown
in Fig. 2a. It gives a convenient depiction of internal partial
discharges. The capacitor C. represents the void, C, the insu-
lation in series with the void, and C, represents the rest of the
insulation. When the electric field surpasses the PD inception
level in the cavity, then a PD is the outcome [15]. Therefore,
C. (of the void) will discharge, and a voltage drop across the
void occurs.

When a DC voltage (constant) is applied, the abc model
would arrive at a steady-state condition and the activity will
end as opposed to the AC condition. As shown in Fig. 2b, the
PD model for the DC voltage source is amended to take into
account the charge dissipation due to the void into the dielectric
[15]. The amendment was accomplished by adding a resistor
(R,, Ry, and R,) in parallel to each capacitor. The rate for which
PD occurs depends on the voltage level applied and the con-
ductivity of the insulating medium at the vicinity of the void.

A distinction between HVDC and HVAC cables needs to
be addressed. Having the same distribution of electric field in
the XLPE insulation, for AC and DC systems, cannot be the
case. In the isolation of the HVAC cables, the maximum elec-
tric strength is in isolation at the conductor screen. However,
the field distribution in the HVDC cable is dependent on the
resistivity or the conductivity of the XLPE insulating medium.
The only time the electric field distribution is the same, for
both HVDC and HVAC cables, is when the cable systems are
energized at zero load and with no change in the temperature.

4. Types of defects investigated
Protrusions are usually located in conductor and insulation

screens (semi-conductive screens) and are found to be a huge
contributor to the occurrence of high electrical stresses in the

Bull. Pol. Ac.: Tech. 69(1) 2021, ¢136037

XLPE insulating medium and the semi-conductive screens.
They could occur because of limitations in the manufacturing
of these cables or mistakes done while installing them. The
size and shape of the protrusions should also be considered
because the sharper the protrusion is for instance then a higher
electrical stress would be the outcome due to a higher space
charge density accumulated at the sharp area of the protrusion
giving a higher stress enhancement factor which is defined as
the ratio of the maximum electric field due to the protrusion
and the average electric field in XLPE disregarding the pro-
trusion [8].

Gas-filled cavities (or voids) is one of the most common
partial discharge defects found in power cable insulation
[16—18]. They usually have a permittivity of ¢, = 1 depending
on the location of the cable and the environment surrounding
it. Since the cavity has a relative permittivity of 1 then high
electrical stress would be the outcome because this cavity has
a lower permittivity XLPE (&, = 2.3) [14].

Water treeing is a phenomenon that degrades the insulation
material in such a way that it forms structures in XLPE when
an electric/internal stress is applied. This ultimately leads to
electrical treeing and a breakdown of the insulation material
to take place in HV cables. Water trees have the propensity to
propagate as diffuse structure that as appears to be similar to
atree [15].

Vented water trees are originated from the semi-conductive
shields and because of their propensity to keep growing, they
cause a breakdown to occur in water treed samples [19-23].
Vented water trees can also cause the release of an internal gas
pressure at the semi-conductive layers. Breakdown is to then
take place as the water trees are transformed into electrical
trees at the region where the tip of the water tree is situated.
This is because of the high charge accumulation which gives
arise in the PD activity. When a transformation happens, the
electrical tree will distribute along the insulation and a channel
will be formed with the electrodes and initiate the damage of
the XLPE material [8].

5. Power cable modelling using FEA

A 220 kV HVDC cable with an XLPE insulation is simulated
by the FEA. It has a thickness of 23.6 mm with the irregular-
ities mentioned. Three instances are simulated to comprehend
the variation of the partial discharge initiation. To calculate
the increase in the stress in the presence of protrusions the
stress enhancement factor should be determined [8] as shown
in Eq. (1) below:

(M

whereby E ., is the maximum electric field strength due to
the presence of the protrusion and E is the average electric
field strength in XLPE from the tip of the protrusion without
considering the protrusion. Three cases are investigated to com-
prehend the PD inception to a greater extent and the changes
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in the stress enhancement factor. The electric field in a cable
without defects is described by (2):

E(r)= ., )

()

where V) is the applied voltage in the conductor, r is the dis-
tance to the center conductor, r; is the radius of the inner insu-
lation, 1, is the radius of the outer insulation, and 7 is a unit
vector directed towards the conductor.

The electric field with the presence of a protrusion can be
expressed as for the case of Fig. 3 (See (3)).

E(r)= V(’r <1+(r2_";)3>.f 3)
rin() |

The electric field with the presence of an ellipsoidal protrusion
can be obtained from Table 2 [24].

The first case entails a spherical and an ellipsoidal pro-
trusion (semi-conductive) investigated with different sizes at
the conductor screen of the power cable. With regards to the
spherical protrusion, it will be located at the conductor screen
then following sizes will be examined: 1 mm to 6 mm. The m
is known as the sharp factor and it is defined as the ratio of
the protrusion’s height a and its radius ¢ (m = a/c) as shown
in Fig. 3. Values of m investigated are m = 2 to m = 6 where
¢ = 0.5 (constant for all the m values). For these two protru-
sions, the stress enhancement factor and the electric field dis-
tribution will be obtained to observe the severity of the partial
discharges as parameters of the protrusions are changed. The
dimensions and the materials of the cable used can be seen in
Fig. 4 and Table 1.

Fig. 3. The geometry of a typical protrusion
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Fig. 4. XLPE power cable under investigation
Table 1
Details of the cable used
Description Radius [mm] Material
Conductor R.=32.15 Copper
Conductor Screen Ry =34.35 Graphite screen
Insulation R =58.4 XLPE
Insulation Screen R =159.85 Graphite screen
Wired Screen R, = 60.4 Kapton H
Metallic Sheath R, = 64.15 Lead
PVC Jacket R, =70 PVC

The second case is a spherical gas-filled void with a radius
of 50 um will be placed inside and outside the 3 mm spherical
protrusion at the conductor screen.

The third case is a 1.5 mm long vented water tree grown
from a 3 mm spherical protrusion at the conductor screen.
Referring to the investigation made by Nakamura [25], the &,
of the vented water tree varies exponentially from 5 (at conduc-
tor screen) to 2.3 at head (high charge density) of the defect.

6. Results and discussions

It can be seen from Fig. 5 that the electric field has a higher
value in the boundary of the conductor and declines exponen-
tially with distance. The maximum electric field strength is
6.7 kV/mm at the boundary of the conductor. Ultimately, this
paper attempts to see the distortion of the electric field and how
that affects the stress enhancement factor due to the defects
under investigation mentioned in Section 4.

6.1. Analysis of the spherical and ellipsoidal protrusions

(Case 1). It is assumed that the space charge density is kept
constant at 0.124 C/m? for the defects investigated [2]. With

Bull. Pol. Ac.: Tech. 69(1) 2021, e136037
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7 ——Simulation = ——Equation (2)
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. 5. Electric field plot of the healthy 220 kV power cable utilized
with respect to the distance from the inner semi-conductor

regards to the 1 mm spherical protrusion located at the conduc-
tor screen, a high electric field is observed at the tip because
of the high space charge density that usually accumulates at
sharper regions as shown in Fig. 6. The space charges accu-
mulated could be due to numerous reasons such as irrevers-
ible polarization, diffusion and attachment of charge carriers
within the insulation [2]. In Fig. 7 a plot of the electric field as

Fig. 6. Electric field distribution of the 1 mm spherical protrusion
located at the conductor screen
23.5
——Equation (3)  ——Simulation
18.5
13.5
8.5
3.5
36.5 41.5 46.5 51.5 56.5 61.5
X [mm]

Fig. 7. Electric field plot of the 1 mm spherical protrusion located at
the conductor screen

Bull. Pol. Ac.: Tech. 69(1) 2021, ¢136037

a function of the cable’s diameter is acquired in the presence
of the 1 mm spherical protrusion at the conductor screen. In
addition, (2) was plotted to show the validity of the simulation
results obtained.

Firstly, the electric field is 0 kV/mm for positions 36 mm
and less, because that is where the conductor is located. How-
ever, at the tip of the protrusion, it can be seen that the electric
field is at its peak (at 37 mm) with a value of 12.9 kV/mm.
Comparing this with Fig. 5 (when the cable was free of defects)
the peak was at 6.7 kV/mm, so an increase of the electric field
was the outcome because of the increase in the space charge
density in the vicinity of the protrusion. The increase in the
space charge density would then lead to more ionization and
consequently becomes more susceptible to the occurrence of the
avalanche effect until a breakdown takes place of the conductor
screen and the XLPE insulation. The edge of the protrusion at
the conductor screen and the different permittivity between the
conductor screen and the XLPE insulation causes the electric
stress in the insulation to rise. Then that leads to the initiation
of partial discharges at the edge and will also cause treeing to
occur. This is why this paper considers vented water trees grow-
ing from protrusions as the process described proves that water
trees can grow in the presence of protrusions. Otherwise, if the
appropriate countermeasures are not taken the discharge chan-
nel will grow to the opposite electrode until the two electrodes
are electrically connected and that ultimately will lead to the
breakdown of the insulation material and a huge failure of the
power cable. Moreover, the electric field distorts because the
electrical conductivity is dependent on the temperature as well.
Since the temperature and the electric field is higher closer to
the conductor then the electrical conductivity will increase caus-
ing the generation of more charges in the insulation material
which ultimately distorts the electrical field to a higher degree
of non-uniformity. Moving on, after 39.8 mm (from protru-
sion’s tip) an exponential decay is observed of the electric field
moving further away from the conductor and the protrusion.
The same effect was also observed when the protrusion was
3 mm but an increase in the electric field (14.5 kV/mm) was
the result as shown in Fig. 8.

28.5

——Simulation Equation (3)

235

18.5

135

Electric field [kV/mm]

8.5

3.5

38 43 48 53 58
X [mm]

Fig. 8. Electric field plot of the 3 mm spherical protrusion located at
the conductor screen
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33

—— Simulation Equation (3)
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Electric field [kV/mm]

13

38 43 48 53 58 63
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Fig. 9. Electric field plot of the 6 mm spherical protrusion located at
the conductor screen

As shown in Fig. 9, the electric field was plotted for the
6 mm protrusion. At approximately 42.6 mm there was a sub-
stantial rise in the electric stress relative to the smaller protru-
sions. This is because of the edge that is prominent between
the conductor screen and the protrusion, which created a higher
charge accumulation. Therefore, this will cause treeing and an
increase in the frequency of the partial discharges occurring,
which substantiates the fact that vented water trees do grow
from protrusions and as a result increase the electrical stresses
and decrease the breakdown voltage.

Figure 10 shows the maximum electric field strength and
stress enhancement factor obtained for a radius ranging from
1 to 6 mm for the spherical protrusion located at the conductor

2.5 18

24 B T
@ SEF ©® Max. Field Strength

23 e T B

2.2

Stress enhancement factor

21 e L 14

Maximum field strength [kV/mm)]

1.9 12
x [mm]

Fig. 10. Maximum electric field and stress enhancement factor plot
as a function of the radius of the spherical protrusions located at the
conductor screen

screen. As the radius (or size) of the protrusion increases, the
maximum electric field strength also increases with a linear
behavior. This is because of a rise in the charge carriers gen-
erated in the insulation. Therefore, according to Fig. 10, the
stress enhancement factor is proportional to charge carriers
generated (higher electrical conductivity and heating) as the
radius increases, so the high space charge density will distort
the electric field even more with protrusions causing high tem-
peratures (or heating) at the vicinity of the protrusions.

In Figs. 11-13 an increase in the electric field and the stress
enhancement factor was the outcome because of the increase in
the sharp factor m and size of the protrusion that generates more
charge carriers at the tip. Thus, as a result, the stress enhance-
ment factor or the electric field must rise. In other words, mobile
electrons are absorbed by the anode (the ellipsoidal protrusion
due to a sharper edge than a spherical protrusion) then positive
space charge are left in the vicinity of the anode. After that the
field in the space charge free region is increased which results

23.5
——Simulation ——Table 2

— 18.5
£
£
=
=
h]
2 135
2
=
o
7
w

8.5

3.5

33 38 43 48 53 58 63 6¢

x [mm]

Fig. 11. Electric field plot of the ellipsoidal protrusion (m = 2) located
at the conductor screen

60

——Table 2

50 — Simulation

40

30

20

Electric field [kV/mm)]

10

37 42 47 52 57 62

x [mm]

Fig. 12. Electric field plot of the ellipsoidal protrusion (m = 6) located
at the conductor screen
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Fig. 13. Maximum electric field and stress enhancement factor plot as
a function of the sharp factor of the ellipsoidal protrusions located at
the conductor screen

in more ionization taking place. For a sharp factor of m =2
the field strength was 24.3 kV/mm according to the simulation
results and 20.1 kV/mm according to Table 1 which is close
to the maximum field strength obtained from the simulation.

For the sharp factor of m = 6 the field strength increased
rapidly due to the sharper edge which increased the concen-
tration of the mobile electrons at that region. As a result, the
electric field reached a peak value of 55.8 kV/mm according to
the simulation and 45.4 kV/mm as shown in Fig. 12. In Fig. 13,
the stress enhancement factor and the maximum field strength
increased as the sharp factor reached higher values.

The equations plotted for the spherical protrusions gave
similar results. With non-uniform cases it is more complicated
to know exactly where and what is the distribution of charge,
it can only be assumed. The simulation only shows the dis-
tribution of the electrical field at the moment of maximum
voltage. Local charge density will fundamentally change the
electrical field distribution as shown in the figures. Therefore,
research is being done with regards to the influence of charge
and polarity of voltage on the electrical field distribution and
will be presented in the next paper.

Table 2
Stress enhancement factor [24]
E [KV/mm] 11
2a/c = 0 (without protrusion) 0.76 1
2a/c =1 1.47 1.93
2a/c =2 2.18 2.86
2alc =4 3.59 4.72
2alc =06 4.9 6.44

6.2. Analysis of protrusions with voids (Case 2). Figures 14
and 15 show that the 50 m void increases the electric field

Bull. Pol. Ac.: Tech. 69(1) 2021, 136037

Fig. 14. Electric field distribution of the 50 m gas-filled spherical void
inside the 3 mm spherical protrusion located at the conductor screen
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Fig. 15. Electric field plot of the 50 pm gas-filled spherical void inside
the 3 mm spherical protrusion located at the conductor screen

drastically. This is due to a lower relative permittivity within the
void causing this increase and because of that, the generation of
space charges will also increase. However, when the cavity was
outside as shown in Fig. 15; a larger electric field was observed
due to the cavity and this is because there was a larger differ-
ence in the ratio of the permittivity of the void and the XLPE
insulation (the void had a lower permittivity) as opposed when
the void was inside the protrusion and this explains the large
decrease of the electric field at the XLPE insulation material (at
41 mm) in Fig. 15. However, as shown in Fig. 16 at 40 mm the
tip of the protrusion was there so a higher space charge density
was in that region compared to the XLPE insulation. After that,
when treeing is initiated due to space charges resulting from the
field distortion of the protrusion, the XLPE insulation will be
in a vulnerable situation. Partial discharges usually take place
when the electric field strength is 3 kV/mm or more in the
void which the case here is. As for the escalation in the stress
enhancement factor, 4.93 was the result acquired when the cav-
ity was outside the protrusion and 2.99 when inside which is
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Fig. 16. Electric field plot of the 50 um gas-filled spherical void
outside the 3 mm spherical protrusion located at the conductor screen

more than when the 3 mm spherical protrusion was examined
in the absence of the void (2.16). This means that because of
the low relative permittivity of voids compared to XLPE the
manifestation of partial discharges would be at a higher degree
leading to the deterioration of the insulating medium.

6.3. Analysis of protrusions with vented water trees (Case 3).
Figures 17 and 18 show that the 1.5 mm long water tree also
causes the intensification of the electric field compared to when
the 3 mm spherical protrusion was present, but the vented water
tree was absent (see Fig. 8). This is due to a variable permittiv-
ity within the vented water causing this increase and because
of that, the generation of space charges will also increase.
However, at the base (at 38.8 mm) of the water tree (tip of
the protrusion) there was a substantial fall in the electric field
because according to the assumptions made in case 3; the rela-
tive permittivity at the base is 5 which is larger than the permit-
tivity of XLPE and the protrusion itself. However, after the base
(after 38.8 mm), a decrease in the permittivity was assumed
which is why the electric field amplified dramatically again
after 38.8 mm. Then a drop was observed again because of less
sharpness in the geometry of the water tree but another spike

Fig. 17. Electric field distribution of the 1.5 mm long vented water tree
grown from the 3 mm spherical protrusion located at the conductor screen
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Fig. 18. Electric field distribution of the 1.5 mm long vented water tree
grown from the 3 mm spherical protrusion located at the conductor screen

appears at 40.8 mm. This is because the tip of the water tree
shows a substantial increase in the space charge density would
accumulate at the sharper (tip) region of the water tree leading
to this escalation in the electric field. Furthermore, the stress
enhancement factor obtained was 12.6, which shows that the
electric field increased more with the presence of vented water
trees as opposed to its absence (2.16 previously in Fig. 10). As
mentioned before the edge of the protrusion in contact with
the conductor screen and the different permittivity between the
conductor screen and the XLPE insulation causes the electric
stress in the insulation to rise. This leads to the inception of
treeing. Therefore, this is why this paper considers vented water
trees growing from protrusions as the results obtained proves
with full certainty that water trees can grow in the presence of
protrusions and can put the insulation material in danger.

It is worth mentioning that from the space charge distribu-
tion, one can obtain an approximate value of the conductivity
and permittivity of the vented water tree [26]. According to
[26], the conductivity of water trees is approximately more than
10° higher than the XLPE without water trees according to the
calculations done. The permittivity rise is merely observed in
few instances.

7. Conclusion

This paper focused on a COMSOL Multiphysics modelling of
protrusions as defects or imperfections in an XLPE high volt-
age cable to examine the impact they have on the electric field
distribution and the stress enhancement factor. Then a spherical
gas-filled void was placed inside and outside a 3 mm protru-
sion, and a vented water tree grown from this particular protru-
sion was also considered. A DC high voltage was applied. When
the sizes of the spherical and ellipsoidal protrusions increased
the partial discharge activity and the stress enhancement factor
also increased. When the void was placed inside and outside
the 3 mm spherical protrusion, the electric field and the stress
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enhancement factor were higher than when it was absent. How-
ever, the void placed outside the protrusion leads to a higher
electric field versus to the one placed inside. When the water
tree grown from the protrusion was considered a rise in the par-
tial discharge activity was observed as suggested by the internal
stress and the stress enhancement factor plotted. Ultimately, this
paper proved the importance of considering multiple defects
like the vented water tree growing from the protrusion because
in practice the initiation of partial discharges due to protrusions,
in fact, leads to treeing.

The novelty here lies in the fact that the edge of the pro-
trusion at the conductor screen and the different permittivity
between the conductor screen and the XLPE insulation causes
the partial discharge activity in the insulation to rise, resulting in
treeing. Therefore, vented water trees growing from protrusions
were considered here as the process described proves that water
trees can grow in the presence of protrusions. Otherwise, if the
appropriate countermeasures are not considered, the discharge
channel will grow to the opposite electrode until the two elec-
trodes are electrically connected and that ultimately will lead
to the breakdown of the insulation material.

Another contribution of the paper was to correct the fact
that authors in literature usually consider air-filled voids rather
than gas-filled voids. Due to the development of cables and the
triple extrusion that takes place, it is not possible to introduce
air, but gas inclusions can take place from by-products of the
cross-linking process.
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