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DETERIORATION OF XLPE INSULATION IN HIGH VOLTAGE CABLE SYSTEMS AND TESTING
OF QUALITY BY APPLYING PULSES OF HIGH VOLTAGE

The wide spreading of energy distribution power cable lines made by means of applying cables with insulation made of
cross-linked polyethylene usually is associated with a significant number of advantages in terms of better technical
performance that such cables have in comparison with traditional cables with paper-impregnated insulation.
Nevertheless, the necessity to ensure a sufficient level of production quality, as well as the requirements for increasing
the operating time of power cable lines, make it urgent to develop insulation quality control methods, including control
methods which imply applying of testing impulses that simulate overvoltages that occur in power systems due to
lightning strikes. The other aspect of this problem is the necessity of the elaboration of physical models for the
description of deterioration of XLPE insulation of power cables under the impact of various external factors. For recent
years the problem of testing XLPE insulation by high voltage pulses, similarly to the problem of elaboration of
physical models for the description of deterioration of XLPE insulation, have been considered by many authors. This
paper gives a brief review of some main recent research that have been focused on the problem of endurance and aging
of XLPE insulation due to overvoltage caused by various reasons. The main scope was focused on the problem of
testing the endurance of XLPE insulation to the voltage pulses that imitate overvoltage due to lightning strikes. Some of
the theories of aging of dielectric materials under the impact of impulse and alternating electrical fields and the
influence of these factors on lifetime of dielectric materials have also been discussed.

Keywords: pulse overvoltage, deterioration of XLPE insulation, space charge, water tree channels.

I. 0. KOCTIOKOB

CTAPIHHA MOJIETUJIEHOBOI 130JIAIII Y BACOKOBOJbLTHUX KABEJIBHUX CUCTEMAX TA
KOHTPO.Ib IKOCTI I3 BUKOPUCTAHHAM IMITY.JIbCIB BUCOKOI HAIIPYTH

[IpoBeneHo CTHCIUI OTJISIT OCHOBHMX HAaYKOBUX JOCIHIKCHb, B SKUX PO3TISIIAETHCS MpoOIeMa CTIMKOCTI 13071l i3
3IIATOTO TMOIETHICHY A0 il MepeHanpyr, M0 BUKIWKaHI PI3HUMHU NPUIMHAMH, a TAKOXK MPoOJIeMa CTapiHHS 130111
BKa3aHOTO THUIy TiJ Ji€0 MepeHanpyr pizHoro xapakTtepy. OCHOBHa yBara NpHiJIeHAa TPOBEACHHIO BUIIPOOYBAHb
CTIHHOCTI MOJIIETUIICHOBOT 130JIs1LiT 10 c()OPMOBAHUX IMITYJIBCIB, IO IMITYIOTh IIEPEHANPYTH SIKi BUHUKAIOTh BHACIIIIOK
ynapiB OiuckaBKH. [IpOBECHO OIIIAN JESKUX TEOPi CTapiHHS [ICICKTPUYHMX MATEpiaiB MiJ M€ 3MIHHHX Ta
IMITYJIbCHUX €JIEKTPUYHUX ITOJIB Ta BIUIMB IUX (PaKTOPIB HA PeCypc 1301sLil.

KarouoBi ciaoBa: iMmyibcHI HepeHanpyru, CTapiHHS 130JLil i3 3MIMTOrO IOJIiETWIEHY, 00 €MHUWH 3apsil, BOAHI
TpiiHTH.

1. A. KOSTIUKOV

CTAPEHUE TIOJIMDITWJIEHOBOM WM3OJIAIIAA B BBICOKOBOJIBTHBIX KABEJBHBIX
CHUCTEMAX B KOHTPOJIb KAYECTBA C HCIIOJIb3OBAHHUEM HMIIYJbCOB BBICOKOI'O
HAIIPSOKEHUA

[IpoBeneH KpaTKuii aHATW3 OCHOBHBIX HAYYHBIX HCCIEIOBAHWN, B KOTOPHIX paccMaTpuBaeTcs MpodiieMa CTOHKOCTH
M30JHIUN W3 CIIMTOTO TMOJMATHIIEHA K BO3JCHCTBHIO MEpEHANpPSKEHUH, BO3HUKAIOMINX IIOJ ICHCTBHEM Pa3IHIHBIX
MPUYHH, a TaKXKe MpobiieMa CTapeHUs M30JLIIWK YKAa3aHHOTO THIA TOJX ACHCTBHEM MEpeHANpsDKEHUI pa3imudHOTO
xapakTepa. OCHOBHOE BHHUMAaHHE YICISETCS TMPOBEACHHIO HCIBITAHUN CTOWKOCTH MOJHITWICHOBOH W30JSINAN K
c(hOpMHUPOBAHHBIM UMITYJICAM IMEPEHATPSIKCHNSA, KOTOPhIE HMUTHPYIOT MEPEHANPSIKCHNS BO3HUKAIOIINE BCIIECACTBHE
ymapoB MoOJHHMH. [IpoBeneH aHaiNM3 HEKOTOPHIX TEOPHIl CTapeHHs TUDICKTPUUECKHX MAaTepHalOB IO ACHCTBUEM
MEPEMEHHBIX ¥ HIMITYJIbCHBIX TOJICH U BIUSHHS 3THX (DAKTOPOB HA PECypC U30JISALUY.

KiroueBble ci10Ba: MMITYJIbCHBIC TICPEHANPSDKECHUS, CTAPCHUE U30JIAUHN U3 CIIMTOrO MOJMATHIICHA, O0OBEMHBIN 3apsij,
BOJIHbIE TPUUHTH.

Introduction. The reliability of modern high voltage distribution systems. The solution of this problem

power cable systems with cross-linked polyethylene
insulation and the endurance of such insulation to
numerous disruptive external factors are of considerable
interest from the point of view of reducing the expenses
on renovation and the increasing the reliability of energy

partially may be achieved by applying comprehensive
system of control tests, that can allow to control the
quality of manufacturing process. Recent trends in
practice of diagnostics the technical state of power cable
lines enhance the responsibility of manufacturer for the
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technical performance of their production.

According to the statistics obtained in practice of
KEMA high-voltage laboratory for 6 years (1993-1998)
and described in [1], the level of failures during testing
procedures can reach 26% (including the amount of
failures in cable accessories). Such result, obviously, can
be considered as quite a substantial level, which can be a
consequence of an insufficient level of manufacturing or
miscounts on a stage of elaboration of constructions.
Problems of this kind cause quite a significant interest to
the elaboration of models for the deterioration of
dielectric materials under the influence of certain factors
and to the development of different techniques for their
testing.

The purpose of this paper is to provide a succinct
review of recent models that describe the deterioration of
XLPE insulation and requirements to the process of
testing of XLPE insulation of power cables by applying
pulses of high voltage.

Basic mechanisms of deterioration of XLPE
insulation. Classical theories of breakdown in solid
dielectric materials distinguish several main types of
breakdown [2]. Electrical type of breakdown usually takes
place due to the disruption of structure of solid material
which is caused by the avalanche of electrons that can
occur during the collision ionization in dielectric. This
type of breakdown can be characterized by the short
duration of development and insignificant impact of
temperature rise due to power losses in dielectric material.
Mentioned aspects make it rather difficult to attain this
type of breakdown under practical conditions of operation
of power cable lines. Thermal type of breakdown usually
takes place due to the heating of dielectric material caused
by power losses. This type of breakdown has longer
duration of development in time in comparison with
previously mentioned electrical breakdown.

The majority of models for electrical or thermal aging
of insulation imply exponential expressions for lifetime.
Nevertheless, for the case of aging of dielectric material
under the influence of electrical field the expression for
lifetime for many practical cases quite often can be
written in the following form [3]:

T=ALE™, 1)
where 1 — lifetime of dielectric material;
E — electric field strength;
A and m — empirical coefficients.

Thermal aging of dielectric materials can be described
by means of applying exponential expression (Arrhenius
equation):

W
T=AL&kT, 2)
where k — Boltzmann constant;
T — temperature;
W — activation energy of aging process.

Many of recently developed models for electrical
aging of dielectric materials have been built on the bases
of exponential expressions for lifetime of dielectric
material, similarly to the case of thermal aging.
Nevertheless, the applying of such models often implies
dealing only with certain parameters that characterize
conditions of carried out experiment, for example the

value of electric field strength of the beginning of partial
discharges, or the value of frequency of applied electric
field.

The most significant drawback of models of
mentioned type is that they hardly can accurately predict
the influence of such important factors as humidity,
variation of temperature, and morphology of dielectric
materials on their lifetime. In fact, in this case many
models of electrical aging partially can be taken as
models for approximation of experimental data which
include certain parameters, quite often with the unknown
origin. In other cases such models can include certain
parameters that determine the conditions of held
experiment.

Aging of dielectric materials under the influence of
electric field is often attributed to the action of partial
discharges and to the presence of some volume charge in
dielectric materials due to the injection of electrons from
the surface of electrodes. One of the first of suggested
models of aging that involves parameters of dielectric
material was described in [4]:

AG-eAE
= kT
T T e , 3)

where i — Plank constant;

A —scattering length;

e — the value of electrical charge of electrons;

AG — Gibbs free energy, which can be determined
by using (4) [3]:

AG d
- =nE(C+>), 4
T (c T) (4)

where ¢ and d — adjustable constants.

Further development of aging model (3) has been
made in [5]. This model is based on the considerations of
the disruption of van der Waals forces between the
molecules of polymeric material, which are considerably
weaker in comparison with intramolecular bonds, as an
important stage of the breakdown process. This disruption
of intermolecular bonds occurs due to the injection of
charges in submicrocavities formed in dielectric material
with their further acceleration under the forces of applied
field and gaining their kinetic energy up to values which
can be sufficient for the disruption of intramolecular
bonds. The elaborated in [5] model of aging was intended
for the description of the prebreakdown processes in
dielectric i. e. for the intermediate region between the area
of comparably low electric fields, that correspond to
sufficient endurance of dielectric material, and the region
of high electric field and short lifetime of dielectric.
According to this theory the time, which is necessary in
order to attain the final state of aging, can be expressed as
[5]:

AG

h eAE
t= kT csc h(—— 5
TE (kT) (5)

The process of destruction of intramolecular bonds
can be accompanied with the process of rebound of
separated chains. The difference between the rate of
breaking chains and the rate of rebound chains in fact
represents the rate of bonds disruption according to [5]:
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=

h 88 AE
KT ginh(£2=
AT e sinh( T ). 6)

However, the analysis of the endurance of cables with
XLPE insulation to the applied voltage, especially after
some aging during their service under practical conditions
of operation, usually is carried out on the basis of
consideration of electrochemical type of breakdown. In
the context of applying to the issue of endurance of
polyethylene insulation to applied voltage, including the
endurance to overvoltage pulses with high frequency
components, the consideration of such type of breakdown
often includes models that intent to describe the
development of electric and water tree channels in XLPE
insulation, which eventually can lead to the breakdown.

Recent studies have established a drastic effect of
service aging of XLPE insulation with tree-retardant
additive on impulse electric strength, which can lead to
approximately 50% decreasing of impulse electric
strength after two years of service [6]. Such result has
been explained by the development of water tree channels
in insulation. Statistical model of water tree growth in
XLPE insulation with tree-redundant additive, which has
been described in [7], takes into consideration thermal
effects that can lead to rather prompt disruption of cross-
linked polyethylene. Proposed in [7] mechanism of
deterioration is based on a comparison of time constants
of polarization for a water filled channel with the duration
of a rise time of applied pulse of voltage. The value of
time constant of a water filled channel can be determined
according to (7) [7].

10_19
r=——, ™
r g

where r — radius of water channel;
6 — electrical conductivity of water.

According to the mentioned model for the mechanism
of deterioration, the increasing of time constant (7) above
the duration of a rise time of applied pulse leads to the
increasing of heat diffusion due to the currents in the
channel. Smaller values of time constant lead to the
decreasing of heat due to conduction in water tree
channels.

Sometimes the modeling of distortions of electrical
field caused by water tree channels is carried out by
applying numerical methods and modern software for
calculation of three-dimensional electromagnetic fields.
Such modeling, which has been carried out in [8],
displayed the effects of destruction of polyethylene
structure by compression forces acting at the ends of the
water-filled channels.

The endurance of XLPE insulation to the development
of water tree channels can be determined according to
testing method described in [9]. The implementation of
testing method implies formation of water needles, in a
form of a recess which is filled with an electrolyte, in a
sample of tested material. During the testing procedure
this water needle acts as a high-voltage electrode. The
criterion for failure of tested sample usually is accepted as
the breakdown of tested sample, the formation of
electrical tree channels or the increasing of the length of
water tree channel to any value above the 300- 10 m.

Testing of quality of high voltage cable systems by
applying pulses of high voltage. Practical conditions of
operation of power cable with XLPE insulation demand to
take into consideration the influence of overvoltage on the
reliability of power cable lines, as their insulation can be
subjected to overvoltage of different origin. Typical
examples of such overvoltage can be induced
overvoltages which occur due to lighting strikes that can
penetrate in cable line in combined power transmission
lines that consist of overhead lines and underground
power cable lines [10]. Another reason for overvoltage
can be caused by arc discharges which can occur in three-
phase power transmission lines which operate with
insulated neutral in case of phase to earth fault [11].

In practice it is possible to distinguish several
different techniques for carrying out such high voltage
tests, which intend to determine the endurance of XLPE
insulation to high voltage pulses. According to described
in [12] requirements, testing procedure can contain tests
with the level of voltage that corresponds to the general
requirements to dielectric strength of XLPE insulation
and with the level of voltage that exceeds these
requirements.

General requirements to the procedures of testing of
power cables 6-36 kV by means of applying pulses of
high voltage described in [12].

Table 1 gives general requirements to the values of
endurable testing voltage for such cables according to
[12].

Table 1 — General technical requirements to the value
of endurable amplitude of pulse voltage for cables with
plastic insulation according to [12]

Voltage of power cable, Amplitude of pulse
kV voltage, kV

6 60

10 75

15 95

20 125

30 170

35 190

Table 2 — General technical requirements to the value
of endurable amplitude of pulse voltage for cables
according to [13]

Voltage of power cable, Amplitude of pulse
kV voltage, kV

11 75

33 170

66 325

132 550

Generated pulses of high voltage should fit pretty
strict requirements to their time dependences. Usually
generated pulse of voltage that imitates overvoltage due to
the lightning strike should have the duration of rise time
equal to 1.2 ps. The duration of fall time of generated
pulses is supposed to be equal to 50 pus. For power cables
within the rate of voltage 6-36 kV the admissible
deviation of amplitude of generated pulse should be
within the borders of * 3%. Admissible deviation of the
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duration for the fall time of generated pulse should be
within the borders of * 20%. For the case of long samples
and, therefore, significant electrical capacitance of tested
sample, the increasing of rise time to 5 ps is permitted. In
case of distortions of the form of generated high voltage
pulse near its amplitude caused by high frequency
oscillations their amplitude should not exceed the value of
the amplitude of main pulse more then on 5%. According
to the general requirements described in [12] the
insulation of tested cable should be able to endure 10
pulses of voltage with positive polarity and 10 pulses of
voltage with the opposite polarity.

Besides the electrical tests which can be carried out by
applying pulses of high voltage with their amplitude that
corresponds to the necessary values (for example the
values of amplitude given in table 1), it is possible to
carry out tests by applying pulses with amplitude that
exceeds necessary values. In this case testing process
consists of several series of applying high voltage pulses
to the tested sample with further gradual increasing of
voltage with some necessary step. For example,
according to [14] the first stage of high voltage tests
contains applying of 3 pulses of positive and negative
polarity with amplitude that corresponds to the basic
requirements to the endurance of pulse voltage. Further
stages imply increasing of voltage in steps of 25% above
the basic level with further applying of 3 negative pulses
on each step. According to the other requirements, which
have also been described in [14], tests on the basic level
of applied voltage, similarly to [12], contain 10 pulses of
high voltage of positive and negative polarity. Further
stages of the test are carried out with increased on 5%
amplitude above the level of the previous step. Each stage
should contain 10 voltage pulses of each polarity. Such
tests can detect impurities and protrusions in insulation
due to their deterioration under the impact of such pulses
[15]. Another important aspect of such type of tests is that
they can be used for the purposes of studying the
accumulation of space charge in insulation layers. Aging
of high density polyethylene insulation by applying series
of 3000 pulses that imitate overvoltage due to lightning
strikes, which was carried out in [16], has shown rather
significant injection of space charge after the process of
aging.

In practice in the majority of cases generation of
voltage pulses is carried out by applying scheme of Marx
generator, despite such disadvantages as necessity of
applying significant amount of spark gaps and
considerable geometrical size. For this case forming of
necessary voltage pulse is carried out by applying front
resistance and tail resistance. Mathematical modeling of
transients in testing systems based on applying of
equivalent circuit of high voltage generator and detailed
scheme of generator, that takes into consideration
electrical parameters of each stage, in case of operation of
Marx generator on a capacitive load has shown quite a
significant difference between the values of tail resistance
which have been obtained by means of applying the
equivalent circuit model of high voltage generator and
detailed model, which contains parameters of stages. This
modeling was carried out under the assumption of

capacitive load of generator that corresponds to the case
of tested power cable. In some cases the presence of semi
conductive screens that cover the core and insulation of
power cable and some stray inductance can demand to
take into consideration the influence of mentioned
parameters on transients and not to consider tested power
cable as a purely capacitive object. More detailed
equivalent scheme of tested power cable includes stray
inductance of power cable and parameters that describe
properties of semi conductive screens [17].

Le Re

Cs2 Rs2

Fig.1. Detailed equivalent scheme of short sample of
power cable

On the equivalent scheme presented on Fig.1 Cs; and

Cs; designate the values of electrical capacitance of semi
conductive layers that cover the surface of the core of
power cable and its insulation. Rs; and Rs> designate the
values of electrical resistance of semi conductive layers.
C; is the value of electrical capacitance of the main
insulation. L, and R, designate the values of series
inductance and resistance.
Conclusions. Pulse overvoltage in high voltage cable
systems usually is considered in the context of aging of
XLPE insulation due to the injection of space charge and
disruption of van der Waals forces between the molecules
of polymeric material. High voltage tests with applying
generated pulses of high voltage are among other typical
techniques to ensure sufficient level of manufacturing.
This urges manufacturers of cable production to carry out
such kinds of tests. However, pretty strict requirements to
generated pulses of high voltage in some cases demand to
take into consideration the presence of stray parameters of
power cable.
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