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Effective parameters of dielectric absorption of polymeric insulation with semiconductor
coatings of power high voltage cables

Introduction. The presence of semiconductor shields leads to additional dielectric losses compared to polymer insulation without
shields. Losses in cables in the presence of semiconductor coatings depend on the dielectric permittivity and resistivity of the
composite polymeric material, which are frequency-dependent characteristics. Purpose. To determine in a wide range of
frequencies, taking into account the variance of electrophysical characteristics and thickness of semiconductor shields effective
electric capacitance and tangent of dielectric losses angle of high-voltage power cables with polymer insulation. Methodology.
Serial-parallel nonlinear circuit replacement of semiconductor coatings and linear polymer insulation to determine in a wide range
of frequency the effective parameters of the dielectric absorption of a three-layer composite system of high-voltage power cables of
single core. Practical value. The obtained relations are the basis for the development of practical recommendations for
substantiating the thickness and electrophysical parameters of semiconductor shields to reduce the impact on the effective tangent of
the dielectric losses angle of a three-layer composite system of high-voltage power cables. References 23, figures 6.

Key words: semiconductor coatings, polymer insulation, high-voltage power cable, nonlinear substitution circuit, complex
dielectric permittivity, active conductivity, effective electric capacitance, effective tangent of dielectric losses angle.

Ha niocmaei nocnioogno-napanenvnoi HeniMiliHOi cxemu 3aMiujeHHs HANIBNPOGIOHUX NOKpUmMmie ma JiHIUHOI eNeKmpuyHoi
noaimMepHoi i301aYyii y wupoxomy OianazoHi YaAcmomu 6U3HAYEHO epeKmusHi napamempu OieieKmpuuroi abcopbyii cunosux
BUCOKOBOTbMHUX KADENi8 OOHONMCUNLHO20 6UKOHAHHSA. 30 pe3yTbmamami. MOOe08anH s, 3 YPaXy8anHam oucnepcii enekmpo@izuunux
Xapaxmepucmuk HAanienpoGioHux NOKPUMmie, 008e0eHO, W0 epeKmusHa eiekKmpuiyna €MHICIMb MPUMapogoi KoMNO3UMHOT
3OAAYIUHOI cucmemu BUHAYAEMbCS EMHICMIO NONIMepHOI i301ayii. Bcemanoeneno xapaxkmep wacmommuux 3anedjxcHocmeti ma
MAKCUMANbHI 3HAYEHHSl eeKMUBHO20 MAH2EHCY KVMA OieleKMPUYHUX GMPAM 8 3ANeNHCHOCI Gi0 CRIBGIOHOWEHHS MIJC NUMOMOIO
eeKMPONPOBIOHICIIO HA NOCMIUHOMY | 3MIHHOMY CmMpyMi ma moSWUHOI0 HANIBNPOGIOHUX eKkpaHie. OmpumaHi cnie8iOHOWEHHA €
niocmaeolo O po3poONeHHs NPAKMUYHUX DEKOMEeHOayill Wooo OOIDYHMYBAHHA MOSWUHU MA eleKMmPO@IZUUHUX napamempie
HAanignpogioHux NOKpUMmie ONid 3MEHWeHHs iX 6nIuey Ha egekmuenuil manzeHc Kyma OieleKmpUudHux empam mpuuiapogoi
KOMRO3UMHOI e1eKmpoi30ayitiHOi cucmemu CUnIo8ux 6UCOK08oIbmHUX Kabenig. bibin. 23, puc. 6.

Kniouosi cnosa: HamiBOpoBiIHI NMOKPUTTS, MoJiMepHa i30/sLisl, CHIOBUI BHCOKOBOJIbTHHI Kaldeib, HeJiHiliHa cXxema
3aMillleHHs, KOMILIEKCHA JieJeKTPHYHA NMPOHUKHICTh, AKTHBHA NMHTOMA NPOBIiIHiCTh, e(peKTHBHA eJeKTPHUYHA €MHICTb,
e()eKTHBHMII TAHIeHC KYyTa JieJIeKTPHYHUX BTPAT.

Introduction. Electricity supply of 15 million units
of different consumer groups in Ukraine is provided by
medium voltage networks the length of which is over
92 % of networks of all classes [1]. The need to replace
about 140 thousand km of electrical networks causes the
introduction of high-voltage power cables with polymer
insulation based on cross-linked polyethylene, high-
performance thermoplastic elastomers [2, 3]. With the
introduction of modern high-voltage cable systems, there
is, first, the possibility of widespread use of an extensive
distributed cable network for data transmission of large
volumes [4, 5]. Secondly, the diagnosis of insulation to
identify signs of its degradation, which are most
pronounced in the high frequency range [6-12].

A design feature of high-voltage power cables with
polymer insulation is the presence of semiconductor
shields on the conductor core and insulation to equalize
the electric field on the core surface and reduce the
electric field on the insulation surface [13, 14].
Semiconductor shields are applied simultaneously with
the extrusion of polymer insulation. This technology
provides high adhesion between the shields and
insulation, reduces the likelihood of gas inclusions in the
insulation and on the border with semiconductor shields.

Typically, semiconductor layers of composite
polymeric material are used by adding carbon black as a
filler in the polymer lattice. This material provides a
gradual change in the electrical conductivity and

dielectric permittivity during the transition of the electric
field from the conductor to the electrical insulation [14].

The introduction of acetylene carbon black
impurities with a resistivity of particles in the range from
0.0001 to 100 2:m leads to a symmetrical radial profile of
the electric field in the power cable of coaxial design,
which prevents the increase of the local field. The local
electric field is the main stimulus for the formation and
growth of water treeings, partial discharges and even
mechanical ruptures of power cables [15].

The presence of semiconductor shields leads to
additional dielectric losses compared to polymer
insulation without shields. Losses in cables in the
presence of semiconductor coatings depend on the
dielectric permittivity and resistivity of the composite
polymer material, which are frequency-dependent
parameters [16, 17].

The paper uses the concept of dielectric absorption,
which is associated with energy losses in polyethylene
insulation, which in turn are determined by the electrical
capacitance and the tangent of the angle of dielectric
losses. In the general case, the term «dielectric
absorption» is explained, for example, in [18, 19] and is
used in the study of physical mechanisms of
electromagnetic energy absorption, residual charge
generation, etc., as well as in the theory of
electromagnetic waves [20]. Also, in [19] dielectric
absorption and losses are separated.
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Analysis of literature sources. Electrophysical
characteristics of semiconductor coatings significantly
affect the distribution of the electric field and losses in
cables at operating frequency of 50 Hz [13]. In [21], the
authors obtained an effective tangent of the dielectric
losses angle of three-layer composite insulation without
taking into account the dependence on the frequency of
conductivity and dielectric permittivity and the thickness
of semiconductor coatings.

The influence of semiconductor coatings taking into
account the polarization losses in the frequency range
200 Hz — 20 kHz is taken into account in [16] on the basis
of a parallel substitution circuit in the form of electric
capacitance and resistance of each component of the
three-layer composite system connected in series.

Using the substitution circuit of polyethylene cross-
linked insulation with three relaxation RC-circuits in [22]
the emergence of relaxation maxima on the frequency
dependence of the dielectric losses angle tangent in
polymer insulation with semiconductor shields of medium
voltage power cables was proved.

In [17], it was experimentally shown that dielectric
losses in semiconductor shields become dominant in high-
voltage power cables with polymer insulation at
frequency of more than 10 MHz.

The issues of determining the influence of the
thickness and electrophysical characteristics  of
semiconductor coatings on the effective electric
capacitance and the tangent of the dielectric losses angle
of high-voltage power cables in a wide frequency range
remain unresolved and extremely relevant.

The goal of the paper is to determine the effective
electric capacitance and tangent of the dielectric losses
angle of high-voltage polymer-insulated power cables in a
wide frequency range, taking into account the dispersion
of electrophysical characteristics and the thickness of
semiconductor shields.

Dispersion of electrophysical characteristics of
semiconductor coating materials. Polymer non-polar
insulation of power cables (cross-linked polyethylene,
thermoplastic elastomers) is characterized by high
dielectric properties in a wide frequency range. Thus, for
cross-linked polyethylene insulation, the specific volume
conductivity y is equal to (107" — 10'*) S/m; dielectric
permittivity — at the level of 2.5 (static value) and,
practically, weakly dependent on the frequency in the
region of weak electric fields, which causes insignificant
value of the dielectric losses coefficient &'(w) and,
accordingly, the dielectric losses tangent tgd of polymer
insulation. The dispersion of dielectric permittivity for
cross-linked polyethylene is 2.5 — 2.38 = 0.12 in the
frequency spectrum up to 100 MHz [3].

Semiconductor coatings are characterized by high
values of specific volume conductivity, dielectric
permittivity and dielectric losses coefficient, due to the
morphological and structural features of the polymer
material.

Conditionally composite polymer material with soot
impurities consists of three phases: insulating (Fig. 1,
region I), percolation (Fig. 1, region II) and conductive
(Fig. 1, region III) [23].

In the low-frequency region, the tunneling effect
between soot (carbon) particles is considered to be the
main mechanism, which causes a weak dependence of the
specific electrical conductivity of the semiconductor on
the frequency.

£,Qm I i 11

1014 - \

1012 —

10" |—
10° |—
10° |—
104 I

102 -

~_ |
15 Soot content, %

Fig. 1. Influence of soot content on the specific conductivity
of semiconductor coating of power cables
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In this case, the specific volumetric conductivity y
differs little from the specific volumetric conductivity y,.
at DC. The tangent of the dielectric losses angle tgd, due
to electrical conductivity decreases inversely proportional
to the circular frequency @ and the real part &'(w) of the
complex dielectric permittivity & of the semiconductor
coating material (Fig. 2,a) [21]

ted, =—— 1)
w-&y-&(o)
where & = 8.85-10 "2 F/m is the dielectric constant.

The total tangent of the dielectric losses angle tgde,
of the semiconductor coating takes into account the losses
on the electrical conductivity tgd, and polarization tgd,,,
[16,21]

yd(,’, +8,((()) , (2)
w-&-&'(w) &)
where £"(w) is the frequency-dependent imaginary part of
the complex dielectric permittivity (Fig. 2,b).

Taking into account that the active specific volume
conductivity y,(w) at the alternating voltage of the
circular frequency @ is determined by the imaginary part
£'(w) of the complex dielectric permittivity (Fig. 2,¢)

7/ac(w):a)'50 '6‘”((()), (3)
the frequency dependence of the tangent of the dielectric
losses angle of semiconductor coatings is defined as

t80somi = 180, + tgépol =

emi

Y semi (a)) (4)

tg&semi(a)): ; >
w-&y-&'(w)

where }/A‘emi(w) = Yde + yac(w)'

Under the condition y,.(@) >> 74, which is valid for
modern compositions of semiconductor shields of high-
voltage power cables, the tangent of the dielectric losses
angle of semiconductor coatings is determined on the
basis of [16]

Vac (@)
w-gy-&' ()

tgdvemi (0)= ©)
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Fig. 2. Typical frequency dependencies of electrophysical
characteristics of coatings on the core (curve 1) and insulation
(curve 2) of high-voltage power cables under the condition of
linear volt-ampere characteristics of semiconductor materials

Effective parameters of dielectric absorption of
polymer insulation with semiconductor coatings. The
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where &, €1(®), &,(w) are the real parts of the complex
dielectric permittivities of insulation, semiconductor
coatings on the core and insulation; y;,, is the volumetric
specific conductivity of insulation; Yemi1, Vsemz are the
total volumetric specific conductivities taking into
account the frequency dependence of the active
conductivity of semiconductor coatings on the core and
insulation; S;,, Si, S, are the cross sections and A, A, A,
are the thicknesses of insulation and semiconductor
coatings on the core and insulation, respectively.
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Fig. 3. Serial-parallel () and equivalent serial (b) nonlinear
substitution circuit of electrical insulation and semiconductor
coatings of high-voltage power cables

The transition from parallel to sequential
substitution circuit allows to determine the tangent of the
dielectric losses angle, electrical capacitance and active
conductivity of each of the components, taking into
account (5) — (7):

— for semiconductor coating on the core:

serial-parallel ~substitution circuit of a three-layer tgdy(w)= Gi() |
composite insulation system taking into account the w-Ci(w)’
dispersion  of electrophysical  characteristics  of _ b )
serrrl)iconductor coatings oI; pyower high-voltage cables is Gis (a)) =G (a))-(1+tg5l (a)) ®)
presented in Fig. 3,a. G (a)): w-Cyg (a))’

In Fig. 3,a the following marked: Cj,, C(@), Co(®) ) tgd; (@)
— capacitances and G, Gi(®), Gy®w) - active — for cable insulation:
conductivities of layers of polymer insulation and C. —C. ,(1 +1g 52 )’
semiconductor coatings on the conductive core and S ms " 9
insulation according to the parallel substitution circuit, Ginss :%; ©)
respectively t80ns
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— for semiconductor coating on insulation:

and determine the effective electrical parameters

tgd. (@—M. (Fig. 3,b) of the three-layer composite system under the
o @ Cy(0)’ given frequency electrophysical characteristics and
( 2 ) (10) thickness of semiconductor coatings and insulation:
Cys (0) =Cy(w) -\l +1g65 (w) ); T lectrical capacitance C.(ay
w-Cy (o
st (C()) :A,
tgo ()
Co (a)) = Cis - Cings - Cas _
Cls 'Cinss + Cls 'CZS + Cmss C 2s (1 1)
27m-A4y A A D D Do

2
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and the tangent of the angle of the dielectric losses tgd.,(w)
- Ces (a)) — - Ces (a)) (Gls (a)) Ginss + Gls(a))' G2s (a))+ Ginss : GZS (a))) _
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are the dimensional coefficients (S*/m?), which take into
account the frequency dependencies of the electrophysical
characteristics of semiconductor shields and polymer
insulation;

Dy =lrg +4,/2),

Dins :(rg +A1 +Ains /2)’
Dy =(rg + Ay + Ay +45/2)

are the geometric factors depending on the radius of the
core 1y, the thickness of the semiconductor coating on the
core A, the insulation thickness A;,; and the thickness of
the semiconductor coating on the insulation A,,
respectively.

Frequency dependencies of effective parameters
of dielectric absorption of three-layer composite
system of power cables. Figure 4 shows the model
frequency dependencies of the effective capacitance
(Fig. 4,a) and the effective tangent of the dielectric losses
angle (Fig. 4,b) determined on the basis of (11), (12) of
the single- core power cable with conducting core cross
section of 95 mm? of voltage of 35 kV. The thickness of
the cross-linked polyethylene insulation is 7 mm. The
value of the tangent of the dielectric losses angle of
polyethylene insulation is tgd;,=1-10"* at frequency of
50 Hz and varies inversely proportional to the frequency
in accordance with (1): the determinant is the losses on
electrical conductivity.

Curves 1, 1’ and 2 correspond to the components of
the electrical capacitance: 1 and 1’ — semiconductor shield
on the conductive core, the thickness of which is 0.8 and
1.6 mm, respectively; curve 2 — semiconductor shield on

gé(w)'AZ 'Dl 'Dins +Al 'A2 'g;ns 'Ains 'Dl 'D2 +Ains

Ay &}(@)-Ay Dy - Dy ]

cross-linked polyethylene insulation with thickness of
0.6 mm, curve 3 — actual effective capacitance of the three-
layer composite system (Fig. 4,a). The volume specific
conductivities on the DC of semiconductor coatings on
the core and insulation are equal to y4, = 107 S/m,
v42 = 1 S/m, respectively. For polyethylene insulation —
Vins =10"* S/m. The active specific volume conductivities
of semiconductor screens y,(@) at AC voltage were
determined on the basis of (3) taking into account
the frequency dependence of the components presented
in Fig. 2,c.

Curve 4 is the value of the insulation capacitance
determined by (13) [15]
270 &l - €0 F/m
tog(D /D)’

The simulation results prove that the values of the
effective capacitance of the three-layer insulation
(curve 3, Fig. 4,a), determined on the basis of (11),
practically do not differ from the values obtained on the
basis of (13) (curve 4, Fig. 4,a). The effective capacitance
of a cable with semiconductor shields is determined by
the dielectric permittivity of the insulation itself and the
thickness of the components: the effect of semiconductor
shields is insignificant in the high frequency range
(see Fig. 4,a).

The effective tangent of the dielectric losses angle of
a three-layer composition significantly depends on both
the electrophysical properties of semiconductor shields
materials and their thickness, even with the same
electrophysical characteristics (compare curves 1 and 1,
Fig. 4,b). Increasing the thickness of the semiconductor
shield along the conductive core by 2 times leads to an
increase in the effective tangent of the dielectric losses
angle by 2 times with the manifestation of the
characteristic dipole maximum at frequency of 50 kHz.

Variation of electrophysical properties and thickness
of semiconductor shields along the core and cross-linked

(13)

ins =

42

Electrical Engineering & Electromechanics, 2022, no. 3



polyethylene insulation of 35 kV power cable leads to
different nature of frequency dependencies of the
effective tangent of the dielectric losses angle (curves
1-5, Fig. 5,a). The effective tangent of the dielectric
losses angle of the three-layer composite system is (1-7)
times higher than the dielectric losses tangent of the
actual polymer insulation tgd,,, for frequency of 50 Hz
(compare curves 1-5, Fig. 5,b) in a wide frequency range
due to the active specific conductivity of semiconductor
coatings (see Fig. 2,¢).

1 Ca(®@), F/m

10%@ HE
tgou(w)f:

10 10 10 10 10° £ Hz 10’
Fig. 4. Frequency dependencies of equivalent parameters
dielectric absorption of high-voltage power cable
taking into account the dispersion of electrophysical
characteristics of semiconductor shields

In Fig. 5a,b curves 1-5 correspond to the model
dependencies, curve 6 (Fig. 5,a) — to the experimental one
for a sample of power single-core cable with polyethylene
insulation (insulation thickness 7 mm) at voltage of
35 kV, which has long been unprotected from moisture —
natural humidity (there are no water-blocking tapes in the
cable construction). Dielectric parameters are measured
by a digital meter of the capacitance and the tangent of
the dielectric losses angle RLC Meter DE-5000 in the
frequency range 100 Hz — 100 kHz.

Curve 1 — the thickness of semiconductor shields on
the conductor and insulation is 1.2 and 0.6 mm, curve 2 —
A; = 0.6 mm and A, = 1.2 mm with specific conductivity
at DC y4 = 10* S/m, y4o = 107 S/m, respectively;
curves 3, 4 — A; = 0.6 mm and A, = 1.2 mm with
Yaer = 107 S/m, y40 = 10* S/m (curve 3) and y; = 102 S/m,
Vicz = 10* S/m (curve 4); curve 5 — A; = 1.2 mm and
A; = 0.6 mm with y,; = 102 S/m, y,, = 1 S/m.
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Fig. 5. Frequency dependencies of the tangent of the dielectric
losses angle at different electrical properties and thickness
semiconductor shield of the power cable for voltage of 35 kV

Thus, provided:

1) A1 > AZ and Yacl > Ydcls Yac2 = Vde2 (CuI'Ve 1)
there are two characteristic maxima of the effective
tangent of the dielectric losses angle near the frequency
of 1 kHz and 1 MHz with values of tgd,, 3-3.3 times
higher than tgd;,;

2) Ay < Az and Yae1 > Vaels Vacz > Va2 (curve 3) there is
one maximum of tgd,, at frequency of 5 kHz with a value
exceeding 4.5 times;

3) A1 > Ay and Yuer ® Yaet, Va2 ® Yaca (curve S) there is
one maximum of tgd,, near the frequency of 50 MHz with
values of tgd,, 6 times higher than tgd;,,.

1['10 Ces(w)> F/m

10° 10° 10 10° 10° £ Hz 10
Fig. 6. Model (curve 1) and experimental (curve 2)
dependencies of equivalent capacitance of single-core cable

for voltage of 35 kV

The nature of the change in the frequency model
dependence of the effective tangent of the dielectric losses
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angle for curve 3 is more consistent with the experimental
curve 6 of the sample of power cable with moistened
polyethylene insulation. Confirmation of humidity and
diffusion of acetylene carbon black (carbon) according to
the theory of percolation is the manifestation of the
frequency dependence of the capacitance of the sample of
35 kV power cable with insulation thickness of 7 mm
(Fig. 6, curve 2).

Conclusions.

For the first time in a wide frequency range the
influence of electrophysical characteristics, taking into
account the dispersion of complex dielectric permittivity
and active specific conductivity, as well as the thickness
of semiconductor shields on the effective dielectric
absorption parameters of three-layer composite electrical
insulation system of high voltage cables has been
determined.

The effective electrical capacitance of a three-layer
composite system is determined by the -electrical
capacitance of the polymer insulation and depends on the
dielectric permittivity and insulation thickness, which is
confirmed by experimental data.

The considered algorithm for determining the
effective tangent of the dielectric losses angle in a wide
frequency range is the basis for creating a methodology
for substantiating the electrophysical characteristics and
thickness of semiconductor shields to reduce their impact
on effective dielectric absorption parameters of high-
voltage polymer-insulated power cables.
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