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The electric field distribution inside the polyethylene insulation of power cable and outside the cable with typical deg-
radation of its jacket, metallic shield and a large part of the insulation is studied by computer modeling. The two- and
three-dimensional problems are solved numerically to determine electric field strength. As shown, the interface between
the main insulation and the defects is a weak site which is liable to further failure and deterioration of cable in service.
For the damages under consideration the electric field is spread outside the cable at small distance, not more than 1.5
times larger than cable radius as the average. References 11, figures 5.
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Introduction. The study on the reliability of power cables and their failure mechanisms is a general
topic in cable engineering. At present the different failure modes are studied extensively for cross-linked poly-
ethylene (XLPE) insulated cables [1-4]. The underlying factors affecting the quality and reliability of power
cables include presence of defects owing to manufacturing imperfections, non-proper working conditions, ex-
ternal mechanical damage associated with break in continuity of cable jacket, loss of its protective function,
damage of the concentric neutral and / or metallic shield, poor contact between metallic shield and semicon-
ducting layer, loss of contact between other cable components, corrosion, arcing damage at the interface be-
tween metallic shield and semiconducting layer which progresses into the insulation until failure arises [5—8].
In the general case, the detection of principal factors that give rise to cable breakdown needs the careful and
complex study of operating conditions, aging of the insulation, environmental effects, resulting in water ingress
in the cable, partial discharges, corrosion of metallic components and degradation of insulation [1, 6, 7].

The different ageing mechanisms and reliability factors are examined by experimental means in
works [1, 7, 9]. The electric field enhancement in polyethylene insulation with various defects including the
operating and manufacturing defects of cables are studied by computer modeling, e. g. in papers [8, 10].

The defects of XLPE cables owing to corrosion and arcing can be developed in the form of deep de-
struction of cable jacket, outer semiconducting layer and main insulation (fig. 1, a, fig. 4, a [1, 2]) and as
heavy degradation of metallic shield (fig. 2, a [6, 7])). As noted in [1], the corrosion phenomena are related
to loss of contact (or poor contact) between semiconducting layer and metallic shield. That promotes the arc-
ing damage at the interface and accelerated cable failure. Under certain conditions the corrosion phenomena
along with breaks in the metallic shield, loss of its contact with semiconducting layer cause the arc progress-
ing across semiconducting layer interface into cable insulation. As analyzed experimentally in papers [1, 2],
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the sequence of cable destruction is initiated by discontinuity of jacket, loss of cable impermeability, corro-
sion of metallic shield due to water penetration from without, origin of partial discharges and arcing. These
effects are typical for the cables having mechanical damages and operating in disadvantageous environment.
The effects can result in complementary heating and degradation of XLPE insulation and even induce its
large and deep destruction (figs. 1, a and 4, a).

The study of above-stated operating defects of XLPE insulated cables related with discontinuity of
jacket and metallic shield and, as a result, with spread of electric field outside the cable is a topical task to
understand more exactly and particularly the causes of cable failure with a view to provide their higher reli-
ability. This task is the most relevant and significant for high and extra-high voltage cables.

The purpose of the present work is to reveal the distinctions of electric field distribution in XLPE in-
sulation of high-voltage power cables and outside the cables at loss of protective function of their jacket and
partial non-availability of metallic shield.

The specific and typical damages of copper shield, outer semiconducting layer and insulation of ca-
ble because of shield corrosion and arcing at the surface of the semiconducting layer (figs. 1, a; 2, a; 4, a) are
considered. The study is carried out by numerical modeling in Comsol [11]. The two-dimensional models
with computational domain containing circular cable cross-section (fig. 1, @) and with axial-symmetric repre-
sentation of the cable (fig. 2, a) for damages along the large length of the cable are developed. The three-
dimensional model is built for the deep destruction (in depth) of cable insulation (fig. 4, ).
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Model and computational domains. The distribution of electric field E=-V¢ is determined by
the equation solved for complex electric potential ¢ :

V-(o+ jws, &, )Vp=0. (1)

Here: gy and &, are the vacuum permittivity and the complex relative permittivity, respectively; o is the
conductivity of material, @ =27 is the angular frequency ( f = 50 Hz); j is the imaginary unit; dots at the
top denote the complex quantities.

The space charges injected from the surface of cable conductor and metallic shield into insulation are
disregarded. The materials of cable are isotropic. The electric parameters &, and o can take the different
values in the cable components.

The next boundary conditions are specified. The electric insulation condition (no current flows
across the boundary — n-J =0, where n is the unit external normal; J is the total current density) is applied
at the external boundaries of computational domains. The electric potential ¢ = 0 is defined on the surface
of metallic shield. The potential ¢ =U (where U is the peak value of phase voltage) is set on the surface of
cable conductor.

The computational domains contain environment (air) because the electric field is modeled outside the
cable installed in open air. The dimensions of the domains are more than 4 times greater than cable diameter.

The two-dimensional problems are solved in Cartesian coordinates for the damages having a large
length in the longitudinal direction of the cable. Then the computational domain includes the cable cross-
section (fig. 1, a).
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The axially symmetric model (in cylindrical coordinates) is used for numerical computation of elec-
tric field and potential along the length of the cable (fig. 2, a) making an assumption that the damage of me-
tallic shield has the same shape independently on angular coordinate. In other words, the damage is of the
same shape in all axial sections of the cable.

In addition, the three-dimensional modeling is performed for the deep damage of cable components
and the damage concentrated within a small area along the cable length (fig. 4, a).

Initial data and numerical results. The numerical simulation is carried out for 110 kV single-core
XLPE insulated cable of Ane3rall 1x500/95 type (with conductor cross-section area of 500 mm* 16 mm
insulation thickness and 4 mm shield thickness).

The conductivity of polyethylene insulation is set to be o= 10""> S/m, the conductivity of semicon-
ducting layers is oo =107 S/m. The relative dielectric permittivity of XLPE insulation and cable jacket is
g =& =23.

The finite element mesh is generated as shown in fig. 2, b. The mesh is thickened near the damages,
especially at the interfaces with cable elements.

Figs. 1, b and ¢ show the electric field |E| and isolines of | ¢ |= const in the insulation and in the vi-
cinity of the arcing damage due to discontinuity of cable jacket according to fig. 1, a. Here and below in
fig. 2, ¢ the values of ratio | @ |/U corresponding to displayed isolines are indicated. The distribution of
electric field strength | E | (in color and by arrows) near the damage is given in fig. 1, c. For the case under
consideration and appropriate finite-element mesh resolution, the maximum electric field is equal to
|E lmax = 24 kV/mm and takes place at the corner areas of insulation adjacent to the damage. This value ex-

ceeds almost 2.8 times the field near the surface of cable conductor.
Fig. 2, b shows the computational domain of the problem with shield break and loss of concentric
neutral in accordance with fig. 2, a. Then the electric field distribution and isolines of | ¢ | in the insulation

and in the vicinity of the damage are presented in fig. 2, c.
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In addition to that, the field pattern near the shield break is given in fig. 3, a by arrows. The variation of
electric field strength along the line 4B passing across the center of the shield damage is plotted in fig. 3, b. The
electric field strength is equal to up to 2 kV/mm in the region of shield break filled by air. The field spreads
slightly outside the cable and decays completely at the distance of about 1.5—1.7 times of cable radius.

Fig. 4, b presents the 3D computational domain for sufficiently deep destruction of the cable includ-
ing the destruction of its jacket, outer semiconducting layer and a large part of insulation as seen in fig. 4, a.
The electric field distribution directly in the damage is displayed in fig. 4, c. In such case, the field |E| is

given in the insulation and damage in fig. 5, @ and near the damage in fig. 5, b by arrows. The change of | E |

along the line 4B in radial direction (fig. 5, a) is shown in fig. 5, c¢. As seen, the electric field spreads weakly
beyond the cable. The field in the area of damage contiguous with main insulation exceeds the maximum
value of electric field strength for defectless insulation. According to color legend in fig. 5, a, the greatest

value of | E| increases 1.54 times for the available damage in comparison with the insulation without the

damage when the field can be determined analytically. The edge areas of the insulation along or near the
boundary with the outer semiconducting layer (figs. 4, ¢ and 5, a) are subject to destruction.

Note that the sharp changes of electric field in figs. 3, » and 5, ¢ are explained by the transition from
one material to another when the materials of cable components have different values of dielectric permittiv-
ity and conductivity.

Summary. The numerical simulation of electric field distribution in XLLPE insulation and outside the
high-voltage power cable with loss of its impermeability, partial break of metallic shield and damage of main
insulation is carried out by using finite-element method. As shown, the electric field enhancement near the
damage site can reduce the dielectric strength or accelerate the aging of the insulation. The maximum values
of electric field strength at external boundary of the insulation in the vicinity of the contact with the damage
are revealed. In the cases under consideration, the electric field spreads weakly outside the cable, over a dis-
tance of not more than 1.5-1.7 times of cable radius.

The study of electric field in the insulation and outside the power cables with the loss of protective
function of jacket and the partial destruction of metallic shield gives a possibility to assess the potential
power cable failure risks by comparison of the maximum electric field strength with the dielectric strength of
insulating material and to use the results for new approaches to cable test and diagnostics.
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Ha ocnosi xomn'tomeprnoco moodentoeants 00cnioxnceHo po3noodil eneKmpuyHo20 NOjis 8 NOLiemuieHosil i301ayii ma
nosa Kabenamu 3 XapaxKmepHumu YUKOOMCeHHAMU 308HIUHbOI 000JIOHKU, Memae6020 eKpaHd, 3HAYHOT YacCmuHU i30715-
yii. Yucenvre po36’sa3anna 3a0aui po3PAXYHKY eNeKMPUYHO20 N0 BUKOHAHO Y O80GUMIDHOMY | MPUBUMIDHOMY 8URAO-
kax. Ilokazano ocnabaenHs 0CHOBHOI i304AYiT HA ePAHUYI 3 YUKOONCEHHAMU, | 3a PAXYHOK Yb020 MONCIUBICIY iT noOa-
Jabwoi 0eepadayii. J{ns po3enanymux YulKOOXCeHb eleKmpuite nojie NOUUprOEMsCca 3a Medxci Kabeis Ha He3HAUHY 8i0-
cmanb — y cepedHboMy He binvuie 1,5 padiyca kabens. bion. 11, puc. 5.
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Ha ocnoge komnviomepno2o mMooenuposanus Uccied08aHo pacnpedeienue d2NeKmpuiecko2o noas 8 NOIudIMuLeH08ol
uzonAYUY U 6He Kabeell ¢ XapaKmepHbIMU NOSPENCOCHUAMU BHEWHel 060IOUKY, MEMALIUYECKO20 IKPAHA, 3HAYUMETb-
Hotl wacmu usonayuu. Huciennoe pewenue 3a0auu paciema J1eKmpuiecko20 noisi 6blNOIHEHO 8 OBYMEPHOM U mpex-
meprom cayuasx. Tlokazano ocnabienue OCHOGHOU UZ0MAYUU HA SPAHUYE C NOBPENCOCHUAMU, U 34 CUEem 3M020 603-
MOJICHOCTb ee OanbHetiuell decpadayuu. [N paccMOmMpPEHHbIX NOBPENCOCHUTL INEeKMPUiecKoe noje pachpoCmpaHsent-
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