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The paper studies the cable degradation mechanisms and electric field distributions in the polyethylene insulation of
power cables with typical defects at macroscopic level including crack and numerous air bubbles in the insulation, pro-
trusion of inner semiconducting layer, its air gapping with cable insulation and interruption along the cable conductor,
holes in outer semiconducting layer, its delamination from copper shield as well as small air hole in the shield owing to
corrosion. The three-dimensional computer modeling and analysis of electric field distributions are carried out in the
chosen region of the cable containing the defects. The patterns of the distributions and local field enhancement in the
vicinity of the defects are shown. The effect of defects on electric field in the polyethylene cable insulation is revealed.
References 11, figures 5.
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Introduction. The uninterrupted operation of the electric power transmission and distribution sys-
tems needs high reliability and operating longevity of power cable lines. The reliability, no-failure operation
and long service life of power systems depend greatly on the quality of cables, on their materials, manufac-
turing, design, transportation, installation, jointing and operating conditions. During the last decades the
power cables with cross-linked polyethylene (XLPE) insulation are extensively used throughout the world.
At present XLPE insulated cables are preferred cables for high and extra high voltage power lines (up to
110-500 kV). In this connection the high quality and required reliability of the cables are needed to be en-
sured.

First of all, the failure of power cables is due to failure and destruction of their insulation. The inho-
mogeneity of its structure increases for more high voltage cables with more thick polyethylene insulation.
The defects and imperfections of the insulation and other cable elements (fig. 1) are mainly responsible for
the initiating water and electrical trees, partial discharge activity, functionality, deterioration, aging, electric
strength of the insulation as well as for reliability and service life of power cables [2—4, §]. This affirms the
importance of theoretical and practical investigation of typical power cable defects to develop proper tech-
nology solutions for economically substantiated reduction in size and number of the defects.

Starting from the center, XLPE insulated cable consists of current carrying conductor, conductor
shield (or inner semiconducting layer), polyethylene insulation, insulation shield (outer semiconducting
layer), metallic (copper) shield and non-metallic jacket (fig. 1, a).

The conductor is the most necessary element of cable. It carries the electrical current and has two de-
signs for high-voltage cables, namely round stranded or segmental Milliken stranded conductor as in fig. 1, a.

The inner semiconducting layer is a screen on conductor and an interface between the conductor and
the insulation. It prevents electric field concentration in the insulation and smoothes out the conductor sur-
face. The outer semiconducting layer is a screen on insulation. It gives smooth interface between the insula-
tion and the copper shield. As a rule, the materials of the semiconducting layers have a higher conductivity
than polyethylene cable insulation. The protrusions of the semiconducting layers into the insulation, delami-
nations and interruptions of the layers along with holes inside them are the main defects of these cable ele-
ments.

The insulation of power cables needs separate attention. According to fig. 1, the polyethylene insula-
tion includes both volume defects (such as conducting and non-conducting impurities, air voids and cracks)
and surface defects owing to the roughness and imperfections of adjacent semiconducting layers. The voids,
contaminants in the insulation, its gapping with the layers and other design and manufacturing defects result
in the stress and electric field concentrations within the cable. For example, the micro-sized inclusions and
water-filled voids cause field enhancement, initiation of water tree growth, resulting in accelerated insulation
aging and premature failure of the cable [2]. The defects are the initiation sites for water treeing because of
increased local electric field. Water trees occur in the presence of water in the insulation and are accompa-
nied with partial discharges which can deteriorate the insulation and accelerate its failure. The discharges are
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Conductor shield defect [4]

Fig. 1

usually generated from voids, cracks, cavities and near the protrusions, cuts, delaminations, contaminations
in the insulation when the local electric field exceeds the dielectric strength of the insulating material.

In general, the degradation mechanisms of XLPE insulation are divided into electric, electrome-
chanical, thermal and partial discharge mechanisms [2, 3, 5, 9].

The micro-protrusions of semiconducting layers into XLPE insulation, conducting and dielectric mi-
cro-sized inclusions, water cavities in the insulation are detected and studied in article [10]. As shown in [10],
these defects are the origins of water and electrical trees, lead to the destruction of the insulation and subse-
quent failure of the cable.

The two- and three-dimensional modeling of electric field distribution, temperature and electrome-
chanical stresses in the cable polyethylene insulation with volume and surface defects (air and water voids,
water treeing, micro-protrusions into the insulation) is carried out in works [5—7, 9]. The degree of electric
field inhomogeneity near the imperfections is evaluated too.

The metallic (copper) shield is placed over the outer semiconducting layer and nullifies the electric
field outside the cable. The second its function is to form a barrier for moisture penetration in the cable insula-
tion. The shield can suffer mechanical damage during installation and corrosion in service. Corrosion is a prob-
lem for metallic shield. It can arise and be accelerated at the interface between the metal and adjacent cable
elements due to water ingress and aggressive environment (contact with corrosive chemicals, fertilizers, etc.).

The non-metallic jacket provides protection of the cable against external mechanical, thermal,
chemical effects and moisture penetration.

The power cables age as time progresses. They age, deteriorate and fail depending on many factors
such as electrical, thermal, environmental, mechanical factors, factor of time, imperfect XLPE insulation [3].
The typical power cable defects are shown schematically in fig. 1, a. It is important that the defects can grow
with time.

The cable defects are categorized in the following areas:

— manufacturing imperfections (voids, contaminants, protrusions, cracks, eccentricity, etc.);

— defects of construction and installation including mechanical defects (tension, bending, compres-
sion, external damages, vibration, etc.);

— operational defects (due to moisture ingress, treeing, system voltage changes, overload currents,
overvoltages, excessive heating, low/high ambient temperature, corrosion, radiation, etc.).

All types of the defects acting singly or synergistically can lead to the changes in materials of the in-
sulation system, their properties and eventually cause accelerated ageing of XLPE insulation and failure or
breakdown of the cables.

The purpose of the present work is to study electric field distribution in the insulation system of
XLPE insulated power cable with typical macroscopic defects namely cracks and extensive voids-bubbles
(fig. 1, c) in the insulation, interruption of inner semiconducting layer along the cable conductor, protrusion
of the layer into the insulation (in accordance with fig. 1, a, b), air gap between the layer and the cable insu-
lation, delamination of outer semiconducting layer from metallic shield, holes in the layer and small air hole
in the copper shield because of its corrosion. The single conductor XLPE insulated 110 kV power cable is
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considered. The three-dimensional modeling is performed in the volume region of the cable containing the
defects. The electric field distributions are computed in professional code Comsol [1] using finite-element
method.

Model for computations. The model is presented in three-dimensional Cartesian coordinate system.
The computational region of electric problem includes polyethylene insulation, semiconducting layers and
copper shield in the half part of the cable (fig. 2, a). The conductor and jacket of the cable are left out of ac-
count.

Under quasi-static approximation (at 50 Hz frequency) the electric potential ¢ is obtained from the

following equation:
V.-(oc+ jows,e)Vp=0,
where o is the conductivity of the material; &, is the complex relative permittivity; &, = 8,85-107'% F/m is
the vacuum permittivity; j is the imaginary unit; @ is the angular frequency.
The space charge is put out of account in the model. The non-identical values of ¢, and o are de-

fined for different cable elements.
The next boundary conditions are specified. The condition ¢ =U,, (where U,, is the peak value of

phase voltage) is set on conductor surface. The null electric potential (¢ =0) is prescribed on the surface of

copper shield. The condition of electric insulation n-J =0 (n is the unit external normal; J is the total cur-
rent density) is defined on the other boundaries.

The electric intensity is determined from numerical solution of the problem by expression:
E=-Vg.

Computer results and discussion. The computer modeling is realized for 110 kV XLPE insulated
cable with conductor cross-section area of 500 mm” (conductor diameter of 25.2 mm) and 16 mm insulation
thickness. The cross-section area of cable copper shield is 35 mm? (its thickness is equal to 4 mm). The
thickness of each semiconducting layer is 1 mm.

In the model the conductivity of polyethylene insulation is set to be ;= 10> S/m, the conductivity
of semiconducting layers is o, =10 S/m. The relative dielectric permittivity of the materials is & =
=& =23.

The computational region contains the half part of the cable with defects (fig. 2, @). Taking into ac-
count the cable symmetry and preset boundary conditions, it means that the same defects exist in the other
symmetric part of the cable. This may be assumed because the increased electric field takes place only in the
local zones near the defects.

The finite element mesh is generated as shown in fig. 2, . The mesh resolution is increased at the
location of the defects, especially at their sharp tips and at the interfaces with cable elements.

The computed electric field distribution in the insulation without defects as well as the color legend
with electric intensity values is presented in fig. 2, ¢ for subsequent comparison with different types of de-
fects (figs. 3-5). Note that the field distribution in the insulation without any defects can be calculated not
only numerically but also analytically using formula from [11].
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Fig. 3

Fig. 3 gives the pattern of electric field in the polyethylene cable insulation containing extensive
voids-bubbles and crack in compliance with fig. 1, a, c. As seen, the electric intensity increases at the sites of
the defects and the interaction of neighboring voids is taken place (fig. 3 at the right). In the case under con-
sideration, the voids are in the part of the insulation where leaving out of account the defects, the electric

field is equal to | E| = 8-9 kV/mm according to fig. 2, ¢. Then the degree of field inhomogeneity for the in-
sulation with voids-bubbles and crack near the outer semiconducting layer (fig. 3) is evaluated by

B | 1.634-107

: = = 1.92. Inner semiconducting layer
7
|El,,  8.5:-10 A 4621110
The various positions of the voids within the insu- Protrusion 5
lation in the vicinity of the cable conductor are computed _|E |_V/I_I__L \ :‘1-5
too. For them the coefficient of inhomogeneity is k =2.4. NS

In the general case this coefficient depends on the shape
and spatial location of the defects in the insulation.

The protrusion of the inner semiconducting layer
into the insulation (fig. 4, a), interruption of the layer
(fig. 4, b) and its air gapping (fig. 4, ¢) are dangerous in
the context of increased electric intensity (as compared to

fig. 2, ¢). As shown, such defects contribute to the reduc- w107

tion of dielectric strength of the insulating material. The 5
peak value of electric field takes place at the sharp tip of Interruption :'5
the protrusion (fig. 4, a). This is a weak area of the insula- o P '
tion close by the cable conductor. / 3
The delamination of outer semiconducting layer 2.5
causes the increase of electric intensity both at the inter- 5.5
face with the insulation and within the layer (fig. 5, ). The 1
field is maximum at the sites of the layer separation as 0.5
shown at the top of fig. 5, a. b o
The electric field distributions in the outer semi- ‘3";91%’;‘10
conducting layer without any defects, with several holes 5
and with small air hole at the interface with copper shield 4.5
owing to its corrosion are illustrated in fig. 5, b and c. In ;5
the last case the field is shown only in the semiconducting 3
layer excluding the air gap appearing in the layer. As re- 25
vealed by modeling, the defects have no direct influence 55
on electric field in the insulation but taking into account .
the time factor and possible generation of electrical dis- 05

charges, the defects under study can cause erosion of the
semiconducting layer and subsequently the cable insula-
tion.

Fig. 4

As found by numerical modeling, the availability of the macroscopic cracks inside the cable metallic
shield has no effect on electric field distribution in the polyethylene insulation.
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Conclusion. The nature of electric field distribution in the multilayer polyethylene insulation of
high-voltage power cables is studied allowing for typical cable defects.

As shown by computer modeling, the weak areas in the polyethylene insulation with high electric in-
tensity are formed due to cracks and macroscopic voids-bubbles in the insulation (fig. 3), air gapping, inter-
ruption of inner semiconducting layer along the cable conductor and sharp protrusions of the layer into the
insulation (fig. 4). These defects are able to interact with each other (fig. 3 at the right), tend to reduce the
dielectric strength of the insulating material and lead to its degradation.

The delamination of outer semiconducting layer from the cable copper shield gives rise to electric
field enhancement around the layer separation and at the contact of the delaminated layer with the insulation
(fig. 5, a). The holes inside the semiconducting layer and air gap in the cable shield owing to its corrosion
during the cable operation modify the electric field configuration in the layer and have no direct influence on
the field distribution in the insulation. Nevertheless, in the course of long time they may affect on the field in
the cable insulation.

The paper confirms the importance of low presence of defects in the cable structure with a view to
prevent local electric field enhancement in the polyethylene insulation and, as a consequence, its accelerated
ageing. The attained numerical results determine the cable degradation mechanisms as well as the causes of
the insulation deterioration and eventual failure. The results are of practical interest because of wide applica-
tion of cross-linked polyethylene-insulated power cables.
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Buxonyemvcsa komn'tomepre moO0ento8anHa eieKmpuyHo20 Noas 8 NOiemuieHo8il i301aYyil cunogux Kabenie 3 xapax-
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