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ELECTRIC FIELD ENHANCEMENT
IN POLYETHYLENE CABLE INSULATION WITH DEFECTS
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The computer modeling of electric field distribution in the cable polyethylene insulation with defects (porosity along the
insulation in radial direction and contamination due to the fault at application of insulation layers during the produc-
tion process) is carried out. The distributions of volumetric electric force and equivalent tensile stress in the insulation
are computed in the case of the contamination. The effect of the defects on electric intensity near the conductor screen
(inner semiconducting layer) and the dependence of the distributions and maximum electric intensity on the electric
properties of the porous medium, shape of the contamination and its proximity to the cable conductor are revealed.
References 11, figures 5.
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Introduction. At the present time the cables insulated with cross-linked polyethylene (XLPE) are
preferred in the world practice of construction of power cable projects. Such cables are in general use in
high-voltage and extra-high-voltage power transmission and distribution networks. The cables are designed
to provide the high reliability, failure-free performance and long service life (at least 30 years) needed for to-
day's power sector.

The insulation of the cables is structured by three elements: main polyethylene insulation (marked by
label 1 in fig. 1) between the inner and outer semiconducting layers (marked by labels 2 and 3, respectively).
The elements are simultaneously extruded during the manufacturing process. That prevents void formation,
treeing, other irregularities and smoothes out the conductor surface. The semiconducting layers are intended
to minimize electrical stresses and to protect the main insulation.

The reliability and service life of power cables are determined largely by initial quality and actual
state of XLPE insulation under operating conditions as well as depend on the level of technological excel-
lence, design solution, service and environmental conditions. The manufacturing defects are one of the types
of cable defects. They result from an error in the production process and include all kinds of contaminants
(small particles, thin films, chemicals, oxygen), voids, microcracks in the insulation, protrusions, air-gap
spacing, delamination [4, 9, 10]. The contaminated insulation surface as a manufacturing defect formed after
application of the first insulation layer is described in [8] and shown in fig. 3, a below. As noted in [8], a ca-
ble with such insulation quickly fails.

The other cable defects are the operating defects and damages of XLPE insulation due to loss of
leak-proofness, moisture penetration, treeing growth, corrosion of the conductor and metal shield [4, 6, 7].
The moisture inside the insulation leads to micro-cracking in the polymer, subsequent chemical decomposi-
tion, water and electrical treeing, partial discharges, insulation breakdown, corrosion of conducting elements
[6, 7]. In its turn, the corrosion causes the changes in the physical properties and structure of the insulation,
e.g., the porous structure of XLPE shown in fig. 1, a [6]. Note that, in addition to water, the corrosive chemi-
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cals penetrate into the cable, chiefly into the underground cable contacting with polluted water, oil. Under
the action of electric field, this promotes the initiation of micro-sized voids and cracks, gives rise to treeing
structures expanding.

The defects and imperfections in the insulation are the initiation sites for the fatigue cracks and water
treeing owing to the local electric field and presence of water. Then the defects are growing with time, lead
to degradation of insulation and its failure [4, 7, 8, 10]. They need special attention and careful study. That is
why the study of electric field distribution, electrical and mechanical stresses in and around the manufactur-
ing and operating defects in XLPE insulation is the topical problem to provide the long-term reliability of
power cables.

The purpose of the present paper is to study the effect of typical macroscopic defects in the polyeth-
ylene insulation of power cables on the electric field distribution and mechanical stress in the insulation, and
particularly near the defects. The two types of defects are examined:

— the operating defect as the porous structure all through the insulation in radial direction (fig. 1, a)
when the pores are filled with both air (at the initial stage of cable operation) and water (after moisture pene-
tration inside the cable from a wet environment);

— the manufacturing defect as the insulation contaminated by carbon black during production process
(fig. 3, a); the semiconducting carbon black compounds are used in the manufacture of power cables; the
carbon black content in polymer composites has a substantial influence on their electrical properties [2]; ad-
ditionally, the multiple carbon black inclusions in XLPE insulation of high-voltage cables are detected by
experiment in paper [10].

The study is realized by two- and three-dimensional numerical modeling in Comsol Multiphysics [3]
using finite element method. The computer modeling of other typical defects of power cables is performed in
work [9].

Model for computations. Electric field problem. The problem is quasi-static at frequency of 50 Hz.
The space charges are ignored. The mathematical model is based on the next differential equation

V(o +jwsee,)Ve =0, )

where ¢ is the complex electric potential; &, and &, are the vacuum permittivity and the complex relative

permittivity of material, respectively; o is the conductivity of material; @ =314 rad/s is the angular fre-
quency; j is the imaginary unit.

As assumed, the electric properties of materials are invariable and independent of the electric inten-
sity and, in the general case, temperature.

Equation (1) is supplemented with the following boundary conditions for electric potential: ¢ =U,,

(where U, is the peak value of phase voltage) is specified on conductor surface; ¢ =0 is defined on the

surface of copper shield. The electric-insulation condition n-J =0 (n is the unit external normal; J is the
total current density including conduction current and displacement current) is set on the other outer bounda-
ries of the models.

After solving the boundary problem, the electric intensity is determined by expression: E=—-V¢ .

Structural mechanical problem. The problem is solved under assumptions that there are no external
loads and pressure applied to the insulation and only electric force is taken into account.
The electromechanical stresses produced in polyethylene insulation by applied electric field are de-
fined according to the mechanical equilibrium equation
-Vé,, =F,
where &,, is the stress tensor; F is the electric force per unit volume (the average over a time period) acting

on the dielectric. The force is expressed by
F=¢V(e-D|E| /2.

The symmetry boundary condition is assigned on the bottom surface of the models given in
figs. 1, b, ¢ and 4, a, c. The free constrain conditions are specified on the outer boundaries of the computa-
tional domain when no external force is applied.

The structural mechanical problem is solved only in polyethylene insulation after solving the electric
field problem. The polyethylene insulated cable (fig. 1, @) is studied. Owing to symmetry of the cable in
cross-section, the spatial computational domain includes the half part of the cable for examination of porous
insulation (fig. 1, b, ¢). The similar two-dimensional model is built to simulate the contaminated insulation as
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presented in fig. 3, b. In this context, the porous structure is assumed to be in the single cross-section of the
cable and the contamination is extended over a considerable distance along the cable length. The cable sym-
metry means that the same defects exist in the other half of the cable. The computational domains are chosen
correctly because the electric field enhancement takes place only in the immediate vicinity of the defects.

The domains consist of the main polyethylene insulation (marked by 1 in fig. 1) and semiconducting
layers (labels 2 and 3 in fig. 1). The availability of the cable conductor and copper shield is taken into con-
sideration by preset boundary conditions.

The finite-element mesh is generated with high resolution in sites of the defects. The solver relative
tolerance in Comsol is 10°.

The electric intensity in the insulation without any defects is calculated analytically using expression
from [11]

E(r) =L, (2)
rin(ry, /r.)
where U is the voltage between the cable conductor and metallic shield; » is the distance from the cable
center (from longitudinal axis); 7y, and 7. are the radii of the shield and conductor, respectively.

Computer results and discussion. The numerical simulation is performed for 110 kV single-core
XLPE insulated cable. The conductor diameter is 25.2 mm. The thickness of polyethylene insulation is equal
to 16 mm. The thickness of each semiconducting layer is 1 mm.

The electrical conductivity of main insulation is set to be o, =10 S/m, the conductivity of semi-

conducting layers is o, =107 S/m. The relative dielectric permittivity of the insulation and layers is
51 = 52 = 23 .

The mechanical properties of polyethylene are as follows: the Young's modulus is 700 MPa, the
Poisson's ration is equal to 0.46 and the density is 930 kg /m’.

The porosity of polyethylene insulation is represented by a cluster of the spherical voids-inclusions
with various diameter bridging the insulation in radial direction (figs. 1, 2).

Fig. 1 gives the distributions of electric intensity |E| in the porous insulation when all pores are
filled with both air (fig. 1, ) and water (fig. 1, ¢). The field patterns are also displayed in selected insulation
fragments in an enlarged view. As shown, the higher electric intensity | E |max =40.6 kV/mm takes place for
water pores. The degree of field inhomogeneity (or electric field enhancement factor) in that case is

40.6-10°

o= [ Elmax _ ~27. 3)

Ey  153-10°

Here £y =15.3 kV/mm is the maximum value of electric intensity in homogeneous insulation (without pores
and other defects) defined by expression (2).

In the general case, the problem of insulation reliability implies the reduction of the degree of field

inhomogeneity k (or the increase of insulation utilization coefficient 1/k) along with the condition that

|E | < E ,, » where E, is the maximum permissible electric intensity determined by the dielectric strength

of material and by mean electrical stress for specified voltage class of the cable.
In the case under consideration, the last condition is not satisfied for the pores filled with water because

according to fig. 1, ¢ |E Imax €xceeds the dielectric strength of polyethylene £, =21.7 kV/mm [1]. It means

that the region containing the porosity in the insulation is the weak area with the most probable degradation.
Voids with air ] Voids with water
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In addition to computational results in fig. 1, the simulated electric intensity distributions and equi-
potential lines near the air and water pores in the insulation are given in fig. 2. Here the fragments of
enlarged patterns in proximity to the cable conductor are presented too. The field distributions show the mu-
tual effect of the closely spaced pores, largest values of electric intensity near the inner semiconducting layer
and penetration of electric field inside the air pores. At the same time there is no practically electric field in
the pores filled with water. This is explained by the dielectric permittivity of air &, < & and the permittivity
of water g, > g, where &, is the permittivity of polyethylene material. The entire pore cluster according to
fig. 2 produces an effect on the electric field distribution along the radius of the insulation. The electric in-
tensity increases considerably for water pores (see expression (3)).

The electric field | E| in the insulation with carbon black contamination is depicted in fig. 3, b. The
contamination has an arched form as shown in fig. 3, a. It is characterized by sufficient conducting properties
(o, =10 S/m) and dielectric permittivity ¢, =7 exceeding the permittivity of polyethylene insulation. Ac-
cording to fig. 3 b, there is no almost electric field inside the contamination and the maximum value
| E | ,pax = 19.8 kV/mm takes place at the edges of the contamination.

The electric field strength value is important for the cable fault analysis. The variation of electric in-
tensity in the insulation along the contamination (along the arc 4B) is given in fig. 3, c. Then the degree of

field inhomogeneity is defined to be £ =19.8- 10 /(15.3- 106) ~1.3. In that case the condition | E Imax < £, 18

true, but | E Imax approximates to the maximum permissible electric intensity £, [1]. In such limiting case,

while the cable is in use, the time factor and different external effects can affect destructively the cable insu-
lation, especially in the vicinity of the contamination.

When the carbon black contamination is located nearer to the cable conductor, the electric intensity
increases and exceeds the permissible value £, (fig. 4, a), then k ~2.3. There is no electric field inside the

contamination. The field increases near the inner semiconducting layer. The maximum field is generated at
the ends of the contamination.
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The vector electric force F at the edge of the contamination is presented in fig. 4, b in color and by
arrows. The force has a compressing effect on the edge and is concentrated in its area.
The equivalent tensile stress (or von Mises stress) in the insulation with defect is shown in fig. 4, c.
The largest stress is lower than the ultimate strength of polyethylene [5]. Nevertheless the concentration and
high values of all quantities under consideration in fig. 4 promote the weakening and subsequent degradation
of the insulation.

Fig. 5 presents the computed plots of electric intensity | E | in the insulation along the contamination

in accordance with fig. 4 (along the line LN indicated at the upper right in fig. 5, @) and on the surface of the
inner semiconducting layer (along the semicircle COD shown in fig. 5, ). The electric field varies depend-
ing on the contamination shape. In general, the electric intensity near the semiconducting layer is more than
1.7 times greater than for similar contamination depicted in fig. 3.

Conclusion. The computer modeling of electric field distribution in the main polyethylene insulation
of high-voltage cable with defects as a porosity of the insulation and its carbon-black contamination reveals
the field enhancement around the defects. As a result, the dielectric strength of the insulation is reduced. The
insulation can suffer degradation due to the concentration and high values of the electric force and mechani-
cal stress near the defects. It is shown that the nature of electric field distributions in XLPE insulation de-
pends on the electric properties of porous medium, contamination shape, arrangement of the defects and their
proximity to the cable conductor.

The results of this paper allow, from view point of the electrical and electromechanical phenomena
in the insulation with defects, to understand more fully the major causes of its degradation and eventual fail-
ure. As confirmed, the high-purity and defectless production of XLPE insulation, proper operating conditions
of the cables and limited water penetration inside them are needed to provide the high reliability and long
service life of XLPE insulated power cables.
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MOCHJIEHHSA EJJEKTPUYHOT O MOJIA B TOJIIETUJIEHOBIH I30JIAIIIT

CMJIOBHUX KABEJIIB 3 JE®PEKTAMU

I.M. KyuepsiBa, 10KT.TEXH.HAYK
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IIposedeno komn'tomepre MOOEnIOBANHS eLEKMPUYHO20 NOJIL 8 NOLIEMULEHO8I 1301aYil Cun08o2o Kabenio 3 deghexma-
MU — nopucmicmio 8300824C i301AYii 8 padianbHOMY HANPAMKY Ma 3a0pYOHEHHAM 304AYil 6HACTIOOK MeXHONI02iYH020
NOpYUeHHs onepayii HaKNaoauHs 30MAYIUHUX wapis. [ 8unaoky 3a6pyOHeHHs pO3Pax0o8aHo po3noodinu ob'eMHoi enek-
MPUYHOT CUIU MA eKGIBANEHMHO20 MEXAHIUHO20 Hanpyicenns 6 i30asayii. [lokazano eéniue degexmie Ha 3HAUEHHSL eleK-
MPUYHO20 NOJISL NOOU3Y HANIBNPOBIOHO20 WAPY NO HCUTE KAOENS, a MAKONC 3ANEAHCHICIb XapaKmepy po3nooLty ma ma-
KCUMATbHO20 3HAYEHHS HANPYICEHOCMI NOJS 8I0 eIeKMPUYHUX BIACMUBOCMEN NOPUCIOZ0 cepedosud, hopmu 3a0py-
OHeHHs1 ma 61U3bKOCmI 11020 po3mauly8ants 00 Jxcunu kabenro. biom. 11, puc. 5.

Knrwouoei cnosa: nonieTuaeHoBa 13011 KabeIr0, MaKpopo3MipHi JAe(eKTH, eIeKTpUYHA T0JIb0BA 3a/aua, TOCHICHHS
SJICKTPUYHOTO TIOJISI, SIEKTPOMEXaHIUHI HAPYKECHHS, KOMITIOTCPHE MOJICTFOBAHHS.
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YCWJIEHHUE JIEKTPUUYECKOI'O 1OJISA B MOJUAITUJIEHOBOM U30JIAIUNA
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IIpogedeno KomnvlOmepHoe MOOenUPosanue INeKMPULecKoo Noia 6 NOTUIMUNEHOBOU USONAYUU CUN0BO20 KAbels ¢
Oehexmamu. — NOPUCMOCMbIO UBONAYUY 8 PAOUATLHOM HANPAGIEHUU U 3a2PAIHEHUEM USOIAYUU 6CIe0CBUe MEXHOIO-
2UYeCK020 HaApYUleHUs ONepayuy Han0CeHUs UOTAYUOHHBIX Cloes. [IIA Cyuds 3a2pA3HeHUs pacCyumanbl pacnpeoese-
HUSL 0OBEMHOTL DNIEKMPUYECKOU CUNbL U IKEUSATEHINHO20 MEXAHUYECK020 Hanpaxicenus 6 uzonayuu. Ilokazano enusnue
Oeexmos HA 3HAUEHUS DNEKMPUYECKo20 NOs 8OIU3U NOIYRPOBOOAUWe20 CLOsi NO dCule Kabers, a makice 3a6Uci-
MOCMb Xapakmepa pacnpeoeneHus U MAKCUMATbHO20 3HAYEHUS. HANPANCEHHOCMU NOASL OM 2NEKMPUHECKUX CE0UCME
nopucmoti cpeowl, popmel degpekma u 6IU30CU e20 PACIONoHCeHUs K Jicuie kabens. bubm. 11, puc. 5.

Knrouesvie cnosa: nonud>TUICHOBAs M30JLUA Kabels, Makpopa3sMepHble IedeKThl, IeKTpUYecKas IojeBas 3a1aya,
YCHIICHUE 3JIEKTPHUYECKOTO MOJIA, IIEKTPOMEXaHNUECKHE HANIPSHKEHUS, KOMIIBIOTEPHOE MOJIEIIUPOBAHHUE.
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