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INVESTIGATION OF LOSSES IN INSULATION OF HIGH-VOLTAGE CABLES
WITH XLPE INSULATION

In this paper the authors calculate the losses in insulation system cable with XLPE-polyethylene as a solid dielectric insu-
lation and with semiconductor polyethylene used as a conductor screen and a insulation screen. The paper is devoted to the
investigation of losses in the insulation system of high- voltage XLPE-cables. The line of XLPE-cables in group running
horizontally, provided that the cables are of equal diameter and emit equal losses. It is limited to the following: the air flow
around the cables may be necessary restricted by proximity to next cables. The dielectric losses are voltage depended and
related to the insulation system materials being used. All current in this insulation system are complex quantities contain-
ing both real (Re(l)) and imaginary (Im(l)) parts. Values of the loss factor of the insulation system at power frequency tgé
are given astgd = Re()/Im(I). It was proposed the quantities criterion of the loss factor of the insulation system to high
voltage XLPE-cables. The work is devoted to creation of a method for calculation of the current rating of high-voltage ca-
bles in conditions function. References 7, figures 2.
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Paccmompen cospemennvlii HOpMAMUBHBLIL NOX00 K ONPEOEeHUI0 NOMEPL 8 U30IAUUU CUTIOBBIX BbICOKOBONbMHBIX Kabenel. B
cmayuonapuom pexcume nazpysku (100 % -uvtii korgppuyuenm nazpysku) ¢ coomeemcmeuu ¢ 0CUCMEYIOUUM MeNCOYHAPOO-
Hoim cmanoapmom (IEC 60287-1-1) ousnekmpuueckue nomepu 3a8Ucam mojabKo Om HARPAXHCEHUA U OM UCNOIb306AHHO20 U30-
NAUUOHHO20 mamepuana. Cunogvle 6vICOK060bIMNKbIE Kabeau ¢ uzonayuei u3 cuiumozo noauwsmunena (CII19-xabenu) umerom
0e3ycnioenble npeuMyuiecmea neped mpaouyuoOHHsIMU, YMo 00YCI06UN0 UX WUPOKOE UCHOIb306ANHUE 80 6CEX PAZGUMBIX CIPA-
HAX U 3aMemHoe CoKpaujenue UCnonb308anus Opy2ux munoe kaoenei. Pao cywecmeennvix ocovennocmeir CII93-xkabeneii, xo-
mopble 61UAIOM HA MEMREPAMYPY 6 IIeMEeHMAX KOHCMPYKYUU Kadens u, CoOOmeemcmeeHHo, Ha Nomepu 6 HUX KaK 6 padouux,
MAaK u 6 asapuilHbIX Pexcumax IKCnayamayuu, a umenno: 1) 6onvuue, yuem y mpaouyuoHHbIX MACI0M HAROIHERHBIX Kabenell,
3HAYEHUA NAOWLAOU CEYEHUS JHCUTI U MOTUUHDL U30AAYUU; 2) 00bUIAsA, Yem Y MPAOUYUOHHBIX MACTOM HANOJIHEHHBIX Kabenell,
oonycmuman memnepamypa uzonayuu (90 °C); 3) 6onvuue, uem y mpaouyuoHHoIX MAcioM HAnOJIHEHHBIX Kadeneil, 3HaueHus
MONUUHBL NOTIYNPOBOOAUUX IKPAHOB NO JHcule U RO U30AAUUU; 4) CyuecmeeHHan 3a8UCUMOCIb MENTONPOGOOHOCU U MENI0-
eMKOCIU NOUIMUTEHOBOU USONAUUU OM MEMREPAMYPLL;5) HATUUUE INEMEHMO6 KORCMPYKUUU C 8bICOKUM YOebHbIM MENn10-
6bim conpomuenenuem (00 50 °C-m/Bm), umo cywjecmeenno enusem na memnepamypy 6 dnemenmax Koucmpykyuu CII9-
Kabens u, coomeemcmeenno, na nomepu ¢ nux. Ilpeocmaegnenst dannvie 0 nomepsax 6 cucmeme, COCOAWE U3 UOAAUUU U
ROJIYNRPOGOOAUUX IKPAHOE no cune u no uzonayuu CII9-xabensa na nanpaxcenue 110 kB ona anekmpogpuszuueckux u Koncm-
PYKMUBHBIX XAPAKMEPUCIMUK MAMEPUATIO8 CUCHEMbL U30AYUU KOHKPEmH020 Kabensa Ha ochose cxemvl 3amewjenusn. Tok ¢
IMOU UONAUUOHHOU CUCHeMe ABTIAEMCA KOMNIEKCHOU 6eTUMUNOI, U 3HAYEHUEe MAHZEHCA Y2ia ee OUIIEKMPULeCKuUX nomeps
npU NPOMBIUIIEHHON YAcmOme onpedeneno KaK omuouienue 0eliCmeumenbHozo0 moka K peakmuenomy. B pabome evinonnen
pacuem nomepo 6 cucmeme U30NAUUU, COCIOAUEN U3 UONAYUU U3 CUIUMO20 NOAUIMUIEHd, IKDAHA RO Jicuile U IKPAHA no
U30NAYUU U3 NOYNPOGOOAUe20 nonurmunena. Paboma nayenena na pazpabomky memooa oyeHKu RpOnycKHOI cnocooHocmu
CIID-kabeneii 8 KOHKPEMHBIX YC08UAX UCHBIMAHUI U IKcnayamayuu. bubn. 7, puc. 2.

Kniouesvie crosa: cnnoBoii kadeab, CIII-kadesb, HOTepH B U30JSIMH, CHCTEMA H30JISIMH, TAHTEHC YIJIa AHIIEKTPHYECKHX
noTephb.

Problem definition. High-voltage XLPE-cables values of allowable current [1]; secondly, increases losses

have a number of essential peculiarities influencing the
temperature mode in working as well as in emergency
operation mode:

e more than for traditional oil-filled cables, values of
wires sectional area and thickness of the insulation caus-
ing significant dependence of the cable heating process on
wires and insulation heat capacity and losses in it;

e more than for traditional oil-filled cables, insulation
permissible temperature (90 °C) that firstly, causes high

in structural parts of the cable that requires a separate
consideration of losses in insulation [2];

o substantial dependence of thermal conductivity and
heat capacity of polyethylene insulation on temperature
(e.g., specific heat capacity of polyethylene at temperature
of 20 ° C is 2300 J/ kg-°C and at 80 °C — 3750 J/kg-°C)
and the presence of elements of design with high specific
thermal resistance (till 50 °C-m/W) which changes the
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thermal conditions of insulation compared to the opera-
tion mode of the traditional oil-filled cables.

Therefore, investigation of losses in insulation of
high-voltage cables with cross-linked polyethylene insula-
tion is necessary for decision-making regarding their
technical capacity and overload capacity.

Analysis of literature sources. The combination of
high working intensity of the electric field (up to 8
kV/mm or more) with long-term high insulation tempera-
ture (up to 90 °C or more) lead to the use of long-term
and expensive tests [3] at which XLPE-cables are exposed
hundreds of heating cycles (every of 8 hours) with simul-
taneous action of high voltage 1.7U; during the cycles of
heating all the major parameters are checked:

e clectrical (dielectric loss tangent, the level of partial
discharges);

e thermal (temperature in cable design elements and
on its surface).

At the same time, the capacity of power cables is de-
termined solely by calculation in nominal terms, i.e. at
steady load (100% load factor matched) [4]. Accordingly,
the rated current /, is infinitely long-term at which the
maximum wire temperature is set at nominal conditions
environment. Practically applied computational models to
determine [, must include the calculation of losses in the
insulation of high-voltage cables [4].

Since the losses in the elements of the design of
cable indirectly affect the losses in insulation but in op-
eration the cable is almost never works in a steady
maximum allowable mode, to verify specific cables use
or special laboratory [5, 6] cable or take the manufac-
turer's warranty. This means the need to investigate the
manufacturer specific losses in insulation cables. Obvi-
ously, standardized calculations are necessary. But for
innovative products, which differs significantly from the
traditional use only standardized methods are inade-
quate. For example, in [7] the method we use universal
and unified computational models of processes of heat
and mass transfer in high-voltage cables with plastic
isolation to study their capacity through interval parame-
ter estimation models. It is shown that for calculating
high-capacity power cable with plastic insulation neces-
sary joint resolution models that describe structural,
electrical, thermal and economic parameters of the ca-
ble. A solution for a single-cable with cross-section of
625 mm”® for voltage of 220 kV is presented. It was es-
tablished that the optimal range of insulation thickness
from 9.5 mm to 10.5 mm and further reducing the thick-
ness of the insulation capacity of the cable is reduced.

The goal of the work is to estimate the losses
power in the system of insulation of the XLPE cable

for the voltage of 110 kV at the nominal load mode
using equivalent circuits.

Results of investigations. In the basis of calculation
of losses in insulation of high-voltage XLPE-cable an
analogy of processes of heat and mass transfer, including
charges transfer processes and heat transfer process is
laid. Appropriate models are identical in structure, they
include both basic potential difference (electrical or ther-
mal), flow, resistance, conductivity. Accordingly, all
other elements of models describing a particular process
are derived from these values, and mathematical descrip-
tion of a process in a system of differential equations is
fairly universal and unified [2, 3].

In cylindrical coordinates (r, 8, z) the most suitable
to describe the processes of heat transfer in cables for
potential we use Poisson equation which, if the potential
¢ depends only on the radius r (radial field in a homoge-
neous substance), a potential gradient is inversely propor-
tional to radius:

—doldr = po/[rIn(r./r)], )
where ry, r, are the radii of equipotential lines between
which there is a radial field in a homogeneous substance,
n<rye=g@oatr=r,andp=0atr=r,.

This model is the main calculation model used in
cable technology for the describing stationary processes
of charges or heat transfer through a homogeneous sub-
stance in a radial field.

Since the potential depends on the radius only if
infinitely long cable and a substance which is the proc-
ess of transferring, in one way or another is heteroge-
neous, the application model (1) causes the error, the
smaller the aforementioned conditions closer to reality.
To avoid significant error we need to perform calcula-
tions for intervals of possible values of parameters and
compare calculation results with the results arising
from real experience.

For example, when calculating the dielectric
losses in cables with polyethylene insulation we should
use interval values of specific thermal insulation resis-
tance, since this parameter depends on temperature [7].
Using a similar process of charge transfer and heat
transfer to determine the distribution of the field
strength in the elements of structure of the XLPE-cable
if the transfer process is stationary (process parame-
ters are independent of time) and linear, relation corre-
sponding motion potential difference (for example, the
temperature difference z, K) to intensity of flow (for
heat flow P, J/s) is constant. Then for flow through any
uniform cable design element:

7= P-§, 2)
where S is the resistance of the cable design element.

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.4 59



If the flow of heat and radial, the thermal insulation
resistance per unit length of the cable is determined by
formula:

S; = oin(ry/r))2x, 3)
where 1, r, ate the radii of equipotential lines of the radial
field for wire and insulation, respectively; o; is the spe-
cific thermal resistance of insulation.

The system of the XLPE-cable insulation consists of
successive layers of different materials: a semiconductor
screen for wire, insulation and a semiconductor screen for
insulation. So, to calculate the charge transfer process at
DC in such a system we should take into account different
values of resistivity of all three elements.

Semiconductor screens for wire and for insulation
consist of composite material - XLPE filled with acety-
lene soot. This material structure and characteristics can
be seen as imperfect dielectric, conducting electric cur-
rent. For approximate estimation of power energy dissipa-
tion in semiconductor structures of specific cable struc-
tures’ screens we can use different equivalent circuits of
the system «semiconductor screen for wire — insulation —
semiconductor screen for insulation», for example, a
known parallel equivalent circuit for each element of the
system shown in Fig. 1.

If equivalent circuit parameters C;, C,, C; and R;,
Ry, R; are determined by known formulae for the radial
electric field:

C = 2meeo/ln(ry/ry), 4)
where ¢, is the electric constant, ¢ is the relative dielectric
constant of insulation; g = 1/yq ¢’ = 8.851072 F/m;
co = 2.99..x10° m/s is the speed of light in vacuum;
1o = 41107 H/m is the magnetic constant;

R = Quy) “In(ry/ry), &)
where y is the electrical conductivity of the element’s ma-
terial, then corresponding complex impedances of these
elements are determined by the common formula (6).

E; E E;
&l & &3
N 72 73
di d> d;

T ®
Fig. 1. A circuit of the system «semiconductor screen for wire —
insulation — semiconductor screen for insulation»: &y, &,, &3 —
relative dielectric constants of the elements’ material;
71, V2, ¥3 — electrical conductivities of the elements’ material;
dy, d,, d; — thicknesses of the system’s elements

Complex impedances of the insulation system’s
elements:

Z=—jXRIR - jX,), ©)
where R, X, are the active and reactive resistances of the
corresponding system’s element, X, = (wC)"' = 2z C) ;
[ is the frequency; C is the capacitance o the insulation
system’s element.

Current that flows through the insulation and the ca-
ble semiconductor screens is defined phase cable voltage
U and the sum of complex impedances of cable insulation
system’s elements:

1= U/(Zl + Zz + Z3) (7)
Voltage on the system’s elements and active losses
on it are determined by formulae:

U =IZ; Py=Ur[Rel])—jIm()]; (®)
Ur=12y;  P,=Uy[Re(]) — jIm(])]; ©)
Us=12Z;; P;= Us[Re(]) - jIm(])]. (10)

Losses in the insulation system are determined by
formula:

P =U[Re(l) —jIm(])]. (11)

Thus, the losses in the insulation system P depend
on the voltage associated with the electrical characteris-
tics of the used material (relative dielectric constant &,
specific conductivity y) and the geometric dimensions of
the insulation system’s elements.

On the other hand, practically applicable and rec-
ommended by the corresponding International Standard
[2] the formula by which we determine P, losses in di-
electric of power high-voltage cables, is the ratio, includ-
ing the value of the dielectric losses tangent #gd:

P,= a)CUzth, (12)

where w is the angular frequency, w = 2zf. C is the ca-
pacitance per unit length; U is the phase voltage.

Values of the dielectric losses tangent are deter-
mined experimentally. For high-voltage XLPE cables in
[2] the value #gd = 0.0015 is indicated. Losses power P,
in the dielectric of the cable AIIBEBuT 1x500 of 110 kV
by (12) is P;=0.33 W/m.

The value of power losses in the insulation system
calculated by (11) for this cable is P = 0.34 W/m with at
dielectric conductivity of 10" S/m and conductivity of
semiconductor screens material ranging from 10~ S/m to
10" S/m. Obviously, the use of more complex circuits of
the system «semiconductor screen for wire - insulation -
semiconductor screen for insulation» can provide more
accurate calculations. But compliance of P; and P values
are sufficient to address through this equivalent circuit of
the problem, namely - a rough estimate of losses in semi-
conductor high-voltage cable screens compared to losses
in its insulation.
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Using (7) the dissipation factor of the insulation
system can be defined as the ratio of real current to
reactive:

tgd = Re(l)/Im(1). (13)

Fig. 2 shows an illustration of the results of calcu-
lations by (13) in the form of dependence of dissipation
factor of the insulation system of the XLPE cable for
voltage of 110 kV on the conductivity of the material
of the screen. These data, first, indicate that the reduc-
tion of the electrical conductivity of the material of the
screen causes increase of losses in the screen, but in a
fairly wide range of values of conductivity of the mate-
rial of the screen which includes real values in the ap-
propriate cable constructions, namely from 10~ S/m to
10 S/m, power losses in the semiconductor screens are
negligible compared to the power losses in insulation.

Second, maximum on the dependence of the dis-
sipation factor of the insulation system of the XLPE
cable for the voltage of 110 kV on the screen material
conductivity y, for any value of relative dielectric con-
stant of the material of the screen is far from the real
values y, (at least five orders) therefore this maximum
has no practical value.

Third, at real values of relative dielectric constant of
the material of semiconductor screens of high-voltage
XLPE cables insulation (at least 100 at frequency of 50
Hz) the maximum
(tgd6 = 0.0015). This demonstrates the acceptability of the
equivalent circuit as a serial connection of complex im-

tgd approaching to normative

pedances of three elements of the insulation system. All
elements are represented as a parallel connection of active
and reactive resistance.

Maximum on the dependence of the dissipation fac-
tor of the XLPE cable insulation system takes place under
condition of equality of the absolute values of active and
reactive resistance of semiconductor screens:

Re(Zy) =—Im(Zy); (14)
(15)

which reflects the mainly capacitive nature of current

Re(Z;) = — Im(Z3),

through the semiconductor screen at real values of elec-
trophysical characteristics of semiconductor material of
the screen.

tgd = Re(I)/Im(I)

0.15
&.=23
0.1{ % *
0.05"
. ye=1g 7m
Se:ZOZ &= 180 D
0

-9-8-7-6-5-4-3-2-10 1

Fig. 2. Dependencies of the dissipation factor of the XLPE cable
insulation system for voltage of 110 kV on the conductivity
of the material of the screen at different relative permittivity of
the material of the screen ¢, (results obtained for cable
with insulation thickness of 16 mm are shown)

Conclusions.

1. Using an equivalent circuit analysis the power losses
in the XLPE cable insulation system for the voltage of
110 kV at the nominal load mode is determined.

2. Based on the fact that the value /g6 XLPE by Stan-
dards IEC is 0.0015 it is determined that the power losses
in the insulation system of the cable AIIBEBurx 1x500
for 110 kV is 0.33 W/m. The value of the power losses in
the insulation system calculated by the equivalent circuit
for the same cable is 0.34 W/m at dielectric conductivity
of 10" S/m and conductivity of semiconductor screens
material ranging from 10" S/m to 10" S/m.

3. Current flowing through the insulation and the cable
semiconductor screens is determined by phase voltage
and the sum of complex impedances of these structural
elements of the cable. The criterion of correctness of cal-
culations by the equivalent circuit is beneficial coinci-
dence of these results with international regulations data.
Therefore, it can be concluded that calculations by the
adopted equivalent circuit can be used to approximate
estimates of the need to take into account losses in semi-
conductor screens of the high-voltage cable compared to
losses in its insulation.

4. In the sufficiently wide range of values of conduc-
tivity of the material of the screen which includes real
values in the appropriate cable designs, in particular from
10 S/m to 10 S/m, power losses in the semiconductor
screens are negligible compared to the power losses in
insulation.

5. Reduce of the conductivity of the material of the
screen causes the increase of losses in the cable insulation
system. Accordingly, on the dependence of the dissipation
factor of the insulation system of the high-voltage XLPE
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cable the maximum is observed. The value of the electri-
cal conductivity of the material of the screen y, at which
the maximum of losses:

e is far from the real values y, (at least five orders) that
has no practical value;

e at the real values of the relative permittivity of the
semiconductor screens material in the insulation system
of high-voltage XLPE cables (at least 100), the maximum
tgd approaches to the regulatory value (¢g6 = 0.0015);

e maximum on the dependence of the dissipation fac-
tor of the insulation system of the XLPE cable takes place
under condition of equality of the absolute values of ac-
tive and reactive resistances of semiconductor screens that
are property of the adopted equivalent circuit.
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