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Dielectric parameters of phase and belt paper impregnated insulation of power cables

Introduction. Medium voltage power cables with paper impregnated insulation remain an important component of power
networks. The reliability and efficiency of such cables have been confirmed by their long service life also at nuclear power
plants. Problem. It is not possible to directly determine the dielectric parameters of phase and belt paper insulation of power
cables. Effective electrical diagnostic systems are required to assess the technical condition of such types of power cable
insulation. The aim of the work is to substantiate the methodology for determining the dielectric properties of phase and belt
paper impregnated insulation based on cumulative measurements of the electrical capacitance and the tangent of the dielectric
loss angle of power cables of nuclear power plants and power networks. Methodology. The developed methodology is based on
the solution of a system of linear algebraic equations of the sixth order for determining the dielectric properties of types of
paper impregnated insulation of power three-core cables in a metal sheath. Scientific novelty. The differences in the structure
of the probing electric field in phase and belt paper insulation depending on the inspection scheme of three-core power cables
with sector cores in a metal sheath have been established. The shares of electric energy in the types of insulation under
different probing electric field schemes have been determined, which allows determining the tangent of the dielectric loss angle
of phase and belt paper insulation. Practical significance. The results of the practical implementation of the developed
methodology for assessing the differences in the properties of phase and belt insulation of power cables of nuclear power plants
and power network cables during spatial scanning of electrical insulation by frequency and voltage, respectively, are presented.
References 41, figures 4, table 6.
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Bcemyn. Cunosi kabeni cepednvoi manpyeu 3 nanepogoio NpoCcoOYeHol0 I30JAYi€l0 3aIUAIOMbCs  BAACIUBOIO  CKIAO0B0I0
erexkmpoenepeemuunux mepeosic. Haoilinicms ma egexmuenicmv maxux kabenie niomeepod’CeHO MPUBATUM  TMEPMIHOM
excnayamayii maxooic na AEC. IIpobnema. Be3nocepeonvo susnavumu oiereKmpudni napamempu @pasnoi ma nosachoi nanepogoi
i3onayii cunogux xabenie He BUABIAECMbCA MONCIUBUM. /[N OYIHKU MEXHIYHO20 CMAHy makux 6udie i301ayii cunosux kabenié
HeoOXiOHI egexmusHi enekmpuuui cucmemu OiacHocmuku. Memorw podomu € oOIPYHMYBAHHA Memo00N02i U3HAUEHHS
OienekmpuyHux eracmueocmeil @GazHoi ma NOACHOI nanepoeoi npocoueHoi i30aayii Ha niocmasi CYKYNHUX BUMIDIO8AHb
eneKmpuyHoi eMHocmi ma maneency Kyma oienrekmpuynux empam cunosux xabdenie AEC ma enexkmpuunux mepedxc. Memoouxa.
Pospobnena memoouxa TpyHmyemvcsa Ha pO36 A3AHHI cuUcmemMu JAHIUHUX aleeOpaiuHux pieHAHL WOCMO20 NOPAOKY 04
BU3HAYEHNS OleeKMPUYHUX 6lacmugocmeli 6udie nanepogoi npocouenoi i30aAYii CUNOBUX MPUNICUTLHUX Kabenie y memaneeitl
obononyi. Haykoea nHoeuszna. Bcmanosneno 8iOMIHHOCME CIPYKIMYPU 30HOYEAbHO20 €IeKMPUYHO20 NOJISL Y (DA3HIL MA NOSCHI
naneposiil i301ayii’ 6 3anNeHCHOCMI 8I0 CXeMU 0OCMENCEHHST MPUNCUTLHUX CULOBUX KAOENI8 I3 CEKMOPHUMU HCUIAMU Y Memanesiil
obononyi. Busnaueno uacmku enekmpuynoi enepeii y euodax i30ayii 3a pi3HUX CXeM 30HOYBANIbHO20 eNeKMPUYHO20 NOJISL, U0
00360J15€ BU3HAYUMU MAaH2eHC Kyma OleleKmpuyHux empam @asnoi ma noscnoi naneposoi izonayii. Ilpakmuuna 3nauumicms.
Ilpeocmasneno pesynomamu npaxmuyhoi peanizayii po3pobaenoi memoouxu 015 oyinku iominHocmell énracmugocmeil ghaznor
ma nosicnoi izonayii cunosux xabenie AEC ma xabenie enepeomepedc npu npocmopo8oMy CKAHYBAHHI eneKmpudHoi i30aayii 3a
yacmomoro ma Hanpyzoio 8ionosiono. bion. 41, puc. 4, Tabm. 6.

Knrouosi cnosa: cunoBi kabemi, crapiHHs namepoBoi mpoco4yeHoi i3ousinii, ¢a3zHa Ta mosicHa i3oasAUisA, CTPYKTypa
€JIeKTPUYHOI'0 MOJIsl, CYKYNHi BUMIPIOBAHHS, MAaTPHLs KOMYTalil, TAHIeHC KYTa AieJIeKTPMYHUX BTPAT, cUcTeMAa JiHiliHUX
ajire0paiyHUX pPiBHAHb, CTAJIa YACy CAMOPO3PSAY.

Introduction.

Power systems include a significant number of
important power cable systems. Paper insulated lead
covered cables (PILC) have been used for more than 100
years in medium voltage systems from 6.6 to 36 kV, and
even in high voltage systems. Such cable systems have
advantages over cross-linked polyethylene cables,
primarily in electrical characteristics: high electrical
strength, low sensitivity to DC tests and proven
operational reliability [1-10].

In modern medium voltage networks, cross-linked
polyethylene insulated cables are increasingly used.
Replacing paper impregnated cables is a long-term
strategy. Paper impregnated cables remain vital
components of distribution electrical networks and power
systems for circulating pumps in NPP reactor cooling
systems [4—7]. It should be noted that the cables have a
specified service life of 25 years [7—13]. The actual term

is determined by the technical condition of the cable
insulation. The physical wear of medium voltage cables
with paper impregnated insulation in the power systems
of Ukraine is 80 % [7], in European countries it is at the
level of 50 %. There are also cables in operation, the
service life of which varies from 25 to 60 years. The
extension of the service life of nuclear power plants to 60,
and even up to 80, years determines the relevance of the
problem of assessing the technical condition of cables to
ensure reliable and safe operation of power units of
stations [7-9].

Problem definition.

During operation, power cables are subject to the
complex influence of various factors:

e clectric field, which causes electrical aging of the

insulation;
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e thermal field, which causes thermal aging and
oxidation of the insulation;

e wetting of the insulation leads to a deterioration of
the electrophysical characteristics of the insulation;

e mechanical aging and damage under the influence of
vibration, electrodynamic forces and mechanical loads;

e chemical aging under the influence of aggressive
substances [4—13].

Aging of power cable insulation due to prolonged
exposure to operational factors can lead to cable
breakdown when the limit values of mechanical and
electrical insulation characteristics are reached.

Network companies are trying to reduce the
frequency of failures and associated costs by monitoring
the condition of insulation and maintaining cable systems
with paper impregnated insulation. To increase the
reliability of power cables and cable lines under operating
conditions, various electrical testing and diagnostic
methods are used to assess the condition of electrical
insulation of power cables, including traditionally used
and new modern methods [14-26].

The technical condition of cable insulation is
determined by applying constant test voltage that exceeds
the nominal by 6 times. Testing cables with an increased
test voltage does not allow obtaining reliable information
about the real technical condition of power cables with
paper impregnated insulation. Such tests of power cables
that are operated for a long time often lead to a reduction
in service life, untimely and unpredictable insulation
breakdown.

Among modern methods, the following non-
destructive electrical methods for diagnosing power
cables with voltages up to 35 kV inclusive can be
distinguished:

e method  of
characteristics [7, 21];

e measurement and analysis of recovery voltage
[7, 22-24];

e method of measuring relaxation current (more often
in cables with cross-linked polyethylene insulation);

e method of measuring dielectric characteristics of
insulation at alternating voltage [23-33].

Measurements at DC voltage allow to detect local
defects of the cable line, at AC — to detect general
deterioration of the quality of insulation due to its aging.

Unlike short samples of NPP cables — with a length
of about 10 m, the examination of which according to
electrical characteristics in laboratory conditions can be
performed in the frequency range up to 10 kHz [7, 25-27,
34], for long cables of power systems up to 5 km long, it
is necessary to conduct an examination at power
frequency of 50 (60) Hz to avoid resonance phenomena
during the examination and reduce the error in the
assessment of diagnostic results.

Power cables with paper impregnated insulation
have two types of insulation — phase of each core and belt
insulation of three cores together. Insulation is carried out
by winding the cores with tapes of cable paper. In the
initial state, the properties of the phase and belt insulation

measuring  partial  discharge

must be identical. In the process of cable aging, a
synergistic effect of the influence of cable elements and
external factors on the aging of paper impregnated
insulation is manifested [27, 29, 30, 32].

This causes differences in the mechanical properties
of phase and belt insulation, which are caused by the
destruction of cellulose and the migration of low-
molecular polar products of its decomposition (water,
furans) into the colder part of the cable — to the shell, into
the belt insulation [23]. As a result, the properties of the
belt insulation deteriorate over time to a greater extent
compared to the phase insulation. The mechanical
strength of cable papers decreases, the dielectric loss
tangent increases [7, 15, 27, 30].

It is important to identify signs of aging of each type
separately: phase and belt paper electrical insulation,
which determines the operability of power cables in
operation as an important element of the network. Phase
and belt insulation of cables are not available for direct
measurements. This causes the averaging of insulation
parameters, due to which the differences in their
components become less noticeable [25, 27]. As a sign of
the end of the period of normal cable operation,
differences in the dielectric properties of phase and belt
insulation that arise during prolonged operation should be
considered. The change in properties can be caused by
uneven aging of the specified types of insulation or by
moisture due to loss of tightness of connecting and end
couplings, protective sheath, etc.

The goal of the work is to substantiate the
methodology for determining the dielectric properties of
phase and belt paper impregnated insulation based on
cumulative measurements of electrical capacitance and
dielectric loss tangent of power cables of nuclear power
plants and electrical networks.

Structure of the probing electric field in types of
paper impregnated insulation of power cables.

The method for determining the dielectric properties
of phase and belt paper impregnated insulation is based
on establishing differences in the structure of the probing
electric field in the type of insulation whose properties are
of direct interest.

The density o of surface electric charges at the
interface of the media is found as a result of solving the
system of linear algebraic equations (SLAE) in matrix
form by the method of secondary sources [25]: Fredholm
integral equations of the first kind for potentials on the
surfaces of the cores, metal shell and of the second kind
for jumps of the normal component of the field strength at
the interface of phase and belt electrical insulation,
respectively

A-5=U, (1)
where ¢ is the column matrix of unknown values of the
secondary charge density, C/m’; in nodes of the total
number N (order of SLAE), U is the column matrix, the
first Ne members of which reflect the given potentials of

nodes lying on the electrodes, the rest (N — Ne) — on the
interface of dielectric media and are equal to zero;
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A is the square matrix of coefficients, the elements of
which a;; are equal to [25]
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where i is the node number in which the field

characteristics are sought; j is the node number in which
the charge is located; r; is the distance between sections
and j; ry is the distance from section j to point O,
the potential of which can be taken to be zero;
gy = 8.85-107" F/m is the electric constant; Al is the
length of the segment of the cylinder generator with the
center at point j; e is the base of the natural logarithm; o is
the parameter associated with the dielectric permittivities
of dielectric media: when the normal vector n; is
oriented from a medium with a dielectric permittivity &,
to a medium with ¢, the parameter a is equal to:
&2~ 8

&y té ’

During numerical modelling, the coordinates and
areas of the sections, the centers of which are nodes
located along the thickness of the insulation, are
analytically determined, and the boundaries of the cores,
phase and belt insulation, and metal sheath are
analytically set [25]. The modelling was performed in the
open-access software environments Lazarus and Octave.

Figure 1 shows the structure of the electrostatic field
(Fig. l,a,c,e) and the electric field intensity sweeps
(Fig. 1,b,d,f) for different schemes of inspection of a
power cable in a metal shell for linear voltage of 10 kV
with paper impregnated insulation with sector-shaped
cores with cross-section of 185 mm®. The thickness of the
phase insulation is 2.75 mm; of the belt insulation is
2 mm. The dielectric permittivity of the phase insulation is
£1=4.5; of the belt insulation is &=4; in dielectric wedges
(in the center and on the periphery) filled with seeping
liquid — &5=3. The applied phase voltage is 5774 V.

Figures 1,a,c,e show the patterns of electric field
strength vectors when the nodes are located on the surface
of the electrodes (cores, metal shell), in the thickness of
the phase and belt insulation, dielectric wedges for
different power cable inspection schemes. Figure 1,a
corresponds to the cable inspection under the condition of
applied electric voltage to one of the cores (4) and
grounded two others (B, C) and metal sheath (S) —
inspection scheme I. Figure 1,e — inspection scheme II:
electric voltage applied to three cores (4, B, C) and
grounded metal shell (S).

According to the specified inspection schemes in
Fig. 1,b,d,f show the sweeps of the electrostatic field
strength at nodes located in the thickness of the phase
(4, B, C) and belt (5S4, SB, SC) insulation. In the case of
inspection scheme I, the electric field is present in the
phase and belt insulation (Fig. 1,a,b). In this scheme, the
electrical properties of the phase insulation are more
pronounced. The electric charge of the potential core is
2.9 uC/m, of the zero cores is 0.62 pC/m, and of the shell
is 1.63 pC/m.

In the case of inspection scheme III, under the
condition of electric voltage applied to two cores and the
grounded third core and metal shell, the electric field is
present in the interphase insulation of the two cores,
dielectric wedges, and belt insulation (Fig. 1,c,d). The
electric charge of the potential cores is 2.29 uC/m and
2.29 uC/m, of the zero core is 1.23 pC/m and of the shell
is 3.24 uC/m. The identity of the determined values of the
electric charges of the two cores proves the high accuracy
of the numerical calculations.

With the inspection scheme according to scheme 77,
the electric field is present to a greater extent in the belt
insulation (Fig. 1,e,f). In the interphase space, the electric
field is absent (Fig. 1,e) The electric charge of each of the
cores is 1.67 pC/m, of the metal shell is 4.98 uC/m.

The results of numerical simulation prove that for
any inspection scheme, the electric field enters both the
phase and belt insulation (compare Fig. 1,a, Fig. 1,c and
Fig. 1,e). At the same time, the grounded cores and the
metal shell located nearby significantly affect the value of
the electric charge, i.e. the electric capacitance and losses
of electric energy in the paper impregnated insulation of
the core to which the electric voltage is applied.

Table 1 shows the distribution of the electric field
energy (W) in the phase and belt insulation of the cable
determined by the results of numerical calculations for
different inspection schemes: scheme I — «core - against
the other two and the metal shell», scheme II — «three
cores together - against the metal sheathy.

For each of the selected inspection schemes, the
structure of the cable insulation is scanned by an
alternating electric field. The electric field is focused in
different types of cable insulation: in phase (scheme
A-B,C,S — Fig. 1,a), belt (scheme A,B,C-S — Fig. 1,e)
insulation, in the interphase space (scheme 4,B — C,S —
Fig. 1,¢).

Depending on the inspection scheme, the
electrostatic field energy that accumulates in the types of
electrical insulation differs. Thus, according to the
scheme «each core against the other two and the shelly,
the share of energy accumulated in phase insulation is
76.4 %, while in belt insulation only 21.8 % of the total
electric field energy in cable insulation is accumulated.

With inspection scheme ITI «two cores together —
against the third and metal shell», the share of energy in
phase insulation is 69.4 %, in belt insulation — 27.4 %.
According to scheme 11, the share of energy accumulated
in phase insulation is 59.4 %, in belt insulation — 43.07 %.
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Fig. 1. Structure of the probing electrostatic field in types of
paper impregnated electrical insulation under different

The difference in energy accumulated in different
parts of the cable under different schemes of the probing
electric field allows to determine the electrical energy
losses, i.e. the tangent of the dielectric loss angle directly
of the phase and belt insulation. The question is in what
way this can be done.

Power cable substitution circuit and methodology
for combined capacitance and dielectric loss tangent
measurements.

Figure 2 shows the substitution circuit of a three-
core power cable in metal shell.

The circuit contains 6 links that reflect the dielectric
properties of the insulation of three cores 4, B, C to the
shell S and between themselves Cy.g, Cs.s, Cc.s, Cu, Cs.c
Cc.4, respectively. In parallel with each of the partial
capacitances, resistors are included that reflect the
dielectric losses in the insulation: tgd,s, tgds.s, tgdc.s,
tgéA_B, tgéB—Cs tgéc_A.

To directly determine partial capacitances with the
corresponding losses of electrical energy in insulation
(Fig. 2), the method of cumulative measurements of
dielectric parameters at alternating voltage of power
cables using devices with two terminals is used.

The method of total measurements is more universal
than the method of measuring partial capacitance with
three terminals. The gap currents, which are discharged to
the ground using the third terminal past the measuring
circuit, affect the measurement results of the selected one.
The error of the measurement results with three terminals
can be significant, especially in operation [35].

inspection schemes of a three-core power cable with metal shell

Table 1

Electrostatic field energy shares in electrical insulation components depending on the inspection scheme of 10 kV power cable

Inspection scheme

Scheme I Scheme I1I: Scheme II:
«core 4 — against grounded cores B,| «cores 4, B —against grounded | «cores 4, B, C — against grounded
C and metal shell S» core C and metal shell S» metal shell S»
Type of insulation applied voltage U=5774 V applied voltage U=5774 V applied voltage U=5774 V
The share of energy The share of energy The share of energy
Wy, stored in the type of | W3, stored in the type of W4p.c, stored in the type of
mlJ/m insulation mlJ/m insulation mlJ/m insulation
na=WiW Nap= Wis/'W Nasc= WapdW

Phase insulation of the | = 4 ;5 0,5761 3,66 0,28 2,74 0,198
core A
Phase insulation of the 0.81 0.099 3.70 0.28 2,76 0.198
core B
Phase insulation of the | ¢ 0,099 1,75 0,134 2,76 0,198
core C
Belt insulation between| ) 0,218 3,58 0,274 5,62 0,4307
the cores and shell
Belt insulation between) —, 455 0,0052 0,045 0,0034 0 0
core C and shell
Interphase insulation 0,1181 0,0144 0,0996 0,0077 0,0107 0,00082
between cores C and 4
Interphase insulation. | 5 7 ;-0 0 0,1125 0,0086 0,0109 0,00083
between cores C and B
Interphase insulation 0,1217 0,0148 0,1135 0,0087 0,0110 0,00084
between cores A and B
Total energy W, mJ/m 8,21 1 13,071 1 13,913 1
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Fig. 2. Substitution circuit of a three-core power cable
in a metal shell

The dielectric parameters of the controlled circuit
are not found directly during the measurements, but as a
result of solving the SLAE. The method can be
implemented both using devices with three terminals (in
this case, one terminal is not used) and using devices with
two terminals. A two-position switch (C, Fig. 3) is placed
between the object and the meter.

Each of the terminals of the three-core (4, B, C)
power cable in a metal shell (S) is connected to one (i) or
the other (j) input of the device (I).

The scheme of inspection of a three-core power
cable with paper impregnated insulation in a metal shell
using the method of cumulative measurements is
presented in Fig. 3.

Fig. 3. Connection diagram of a three-core power cable in a
metal shell to a two-position switch

In a three-core cable with a metal shell, 7 complete
inspection schemes can be distinguished by the method of
cumulative measurements for monitoring the electrical
capacitance and dielectric loss tangent of the power cable.

Four schemes reflect the dielectric properties of the
phase and belt insulation between the cores and the metal
sheath for the cases: according to scheme I «each of the
three cores — against the grounded two others and the
metal shell» (Fig. 1,a) and according to scheme IT «all
three cores together — against the grounded metal shell»
(Fig. 1,e). The corresponding total electrical capacitances
Cuncs, Cpacs, Ccuans Capcs and the total dielectric
loss tangents tgd4pcs, t1€0pacs t€0c.aps t804pcs are
recorded.

Three inspection schemes III reflect the dielectric
properties of the interphase insulation (Fig. 1,c). In this

case, the device records the corresponding total electrical
capacitances and total dielectric loss tangents: Cyp.cs,
Cc.a-8,5 Cpc-as 1804-c.55 t€0c4-8,5 1€0B,C.us-

The state of the switch keys is determined by the
switching matrix 4K, the elements of which are equal to
«1» in the case of connecting the object terminal, for
example, to the left terminal of the device and «0» in the
opposite case — to the right (Fig. 3):

010101010101 010°1
001100110011 00°T1°1
AK= .3)
000011110000T11T1°1
000000001 11111171

The matrix contains 4 rows (by the number of
terminals of the control object) and 2*=16 columns
(by the number of all possible options for the state of the
switch keys). The first and last columns correspond to
degenerate cases: 0000 — all poles of the object are
connected to one terminal, and 1111 — to the other
terminal of the meter. These experiments can be used to
estimate the parasitic capacitance of the switch and
connecting wires. The other experiments (there are a total
of Ne=16 — 2 = 14) are divided into two groups. The first
7 experiments are the main ones (columns (2 — 8) in (3)),
the others are inverse (columns (9—15) — correspond to a
change in the polarity of the connection to all poles).

The unknown partial capacities are found based on
the results of cumulative measurements from the SLAE:

ACxCx = Ce, 4

where Ce is the column matrix of the results of the
cumulative measurements: CA-B,C,S, CB-A,C,S, CC—A,B,S, CA,B,C—S:
CA,B-C,S: CC,A-B,S, CB,C—A,S; Cx is the column matrix of
unknown partial capacitances: Cyp, Cp.c, Cca, Cas, Cp.s,
Cc.s); AC is the matrix of the «participation» of the partial
capacitance in the total capacitance for this experiment.

Element a; of the matrix AC is equal to 1 if the
difference of the codes of poles i and j is different from
zero, and is equal to 0 otherwise.

In experiment 2 (second column in (3): the first
terminal «1», the rest are zero) the capacitances connected
in parallel are measured: C 3 + Ccy + Cys. In
experiment 3 (third column in (3): second terminal «1»,
the rest are zero) the capacitances connected in parallel
are measured: Cy 3 + Cpc + Cps.

The partial capacitances that participate in the total
capacitance for a particular experiment are found by
multiplying the row of the matrix AC by the column
matrix Cx:

_110100_'(71
101010CA’B
01111 0|]|58¢

_ Cc-4
ACxCx=0 1 1 0 0 1|x .
Cy-s

U R
110011C‘H
_000111_—C‘SJ

The SLAE, similar to (4), is also written to find tgo
of partial capacitances:
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ATGxTGx = TGe, (5)
where TGe is the column matrix of measured total values
of tgd (the result of the total action of a number of partial
capacitances with losses connected in parallel); 7Gx is the
column matrix of values of tgd of the partial capacitance
with losses, which is the purpose of the calculation;
ATG 1is the matrix of coefficients, similar in structure to
the AC matrix, but instead of unit coefficients, contains
fractions, in the numerator of which are the partial
capacitances Cy, found as a result of solving (4), and in
the denominator — the sums of the partial capacitances
participating in this experiment.

The coefficients of the 47G matrix determine the
shares of the real values of the partial capacitances (with
electrical energy losses) in the total losses for this
experiment.

When implementing all 7 basic experiments
according to (4), (5), the SLAE becomes overdetermined:
the number of equations is greater than the number of
unknowns [25]. Finding the solution requires the
application of the least squares method:

Cx = (AC'xAC) 'xAC'xCe, (6)
where «'« means transposition; degree «—1» — finding the
inverse matrix; sign «x« — matrix multiplication.

Similarly, the unknown values of the tangents of the
angle of dielectric losses of partial capacitances are found,
which is the purpose of the study:

TGx = (ATG'xATG) 'xATG 'xTGe. (6)

To find the dielectric parameters of phase and belt
insulation, it is enough to perform 6 experiments out of
the 7 main ones, for example: 2 — 7: Cypcs, Cpacs
Ccuss» Caces Capcs Coass

When implementing 6 experiments (columns (2—7)
of the commutation matrix 4K (3)), we obtain a 6th-order
SLAE with the matrix AC of the form:

110100
101010
01 1110

AC= :
011001
101 101
1100 1 1]

The corresponding inverse matrix AC" is:
(1 1 -1 0 0 0]

1 0 0 1 -1 0

1 o 1 o0 1 0 -1
AC T =0,5x% .

0o -1 1 -1 1 0

-1 0 1 -1 0 O

-1 -1 0 0 1 1

The sought partial capacitances are found by
multiplying the rows of the inverse matrix by the column
of experimental data.

For example, the first unknown capacitance C,.p is
found by multiplying the first row of the matrix AC"' by
the column of measurement results (8). This provides
grounds to determine tgd, 5 by (9), where C4 3¢5, Cpacs
CC—A,B,S» CA,B,C-S; CA,B-C,S: CC,A-B,S are the experimental
results of the combined measurements, the sequence
of which is given by columns (2-7) of the switching
matrix (1), Cs1 = Cyp,cs T Cpacs + Ccaps 1s the total
electrical capacitance of the experiment, which
corresponds to the first row of the matrix AC.

Note that formula (9) can be used only after the
partial capacitances Cy.3, Cp.c, Cc4 are found.

The formulas for the parameters of other partial
capacitances and dielectric loss tangents are determined
according to (8), (9):

Ci3=0,5(Cunest Coucs— CoupstO0xCypest 0xCyp s+ 0xCeyps); (®

C, C Cr_
tgdy =0,5>{ é B teSy s+ tg0p 405 g 4
s1 s1 s1

Thus, the solution of SLAE (4) and (5) in practice is
reduced to formulas that are linear combinations of
measurement results taken with certain weighting factors.
Calculation using them does not present any particular
difficulties.

To determine the dielectric parameters of phase and
belt insulation based on the method of cumulative
measurements, a spatial method of creating a probing
electric field in the type of paper impregnated insulation
of power cables, the properties of which must be
determined, is used. For this purpose, the conductors and
metal shell of the power cable are switched in a way that
shunts the electric field in those parts of the structure, the
influence of which must be neglected.

In the case of implementing the specified method for
short samples of power cables of NPPs, it is possible to
conduct an examination at several values of the frequency
of the sound range 0.1-10 kHz of low voltage to
determine the predominant factors of the aging process
over time of phase and belt paper impregnated insulation.

tgoc_ups +0xtgdy p g +0xtgdy p 5 +0x tg5c/PB,sJ -9

For long-distance cables, for example, urban power
networks, the use of the frequency method is limited to
one power operating frequency at several values of high
applied voltage. Examination of cables in operation at
several values of frequency is limited by resonance
phenomena between the cable's own inductance and
capacitance.

Examples of practical implementation of the
methodology for determining the dielectric properties
of phase and belt paper impregnated insulation of
power cables.

Figure 4 shows the general and determined on the
basis of the proposed methodology electrical
characteristics of types of electrical insulation in the form
of C-tgo diagrams for frequencies of 0.1; 1 and 10 kHz of
samples of power cables of nuclear power plants for
voltage of 6 kV with paper impregnated insulation in
laboratory conditions. The designation of experimental
data corresponds to frequencies of 0.1; 1 and 10 kHz: the
total measurement results — red, green and blue colors;
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determined dielectric parameters of phase and belt
insulation — purple, turquoise and black colors,
respectively.

For the cable sample (Fig. 4,a), higher values of tgd
of phase and belt insulation are observed for a frequency
of 0.1 kHz, which is evidence of moistening of paper
impregnated insulation during long-term operation. At the
same time, belt insulation is more aged compared to phase
one: tgo values differ by more than 1.33 times for
frequency of 10 kHz.

For the cable sample (Fig. 4,b), lower values of
dielectric losses of phase and belt insulation are observed
for frequency of 100 Hz. This is evidence of a lower
moisture content in the insulation under the influence of
the increased operating temperature of the cable during
operation. At the same time, for frequency of 10 kHz, the
belt insulation is also characterized by 25 % higher tgo
values compared to the phase insulation.

In any case, changing the inspection scheme leads to
significant variations in tgd, which is a sign of aging of
the paper impregnated cable insulation (Fig. 4).
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Fig. 4. Dielectric parameters of paper impregnated electrical
insulation of NPP cable samples for different frequency values

Table 2-5 present the determined dielectric
parameters based on the results of combined
measurements of cables directly in operation of 10 kV
power cable lines.

Thus, the belt insulation of phases 4, B and C of
cables (Table 2, 3) has practically the same values.

This, firstly, indirectly indicates a uniform current
load during long-term operation. Secondly, the values of
tgd remain practically unchanged with an increase in the

applied test voltage: the absence of air cavities. Electrical
energy losses due to ionization are not observed (evidence
of the uniformity of filling of dielectric wedges with an
impregnating compound — Fig. 1).

Table 2
Dielectric parameters of phase and belt insulation of the
AASHV-3x120 cable for voltage of 10 kV, length 240 m

. Applied voltage
Insscliiﬁign 2KV 5KV 8KV
C,nF |[tgd, %| C,nF [tgd, %| C,nF |[tgd, %
A-S 47,9738(0,3456|49,2300(0,3475|48,6638(0,3308

B-§ 48,4738|0,3376(47,8800(0,3503|48,4937|0,3348
C-S 48,7237(0,3280(48,8800(0,3334(49,0638|0,3441
A-B 12,0725(0,1802{12,0400(0,1146|12,1625(0,1318
B-C 12,4225(0,2492{12,8800(0,1799(12,1925|0,1488
C-4 12,4825(0,2202{12,0400(0,1396|12,4125|0,1418

Table 3
Dielectric parameters of phase and belt insulation of the
AASHV-3x70 cable for voltage of 10 kV, length 220 m

. Applied volta;
Inspecton | — PR SRET g

C,nF |tgd, %| C,nF |tgd, %| C, nF [tgd, %

A-S 29,86 |0,666|29,9266(0,7265(29,9913(0,7204
B-S 29,63 |0,655(29,5876(0,6312(29,5913|0,6346
C-S 29,85 10,624 (29,7946(0,6534/29,7912|0,6653
A-B 7,491 |0,108 | 7,4657 |0,1311| 7,3975 |0,1305
B-C 7,361 (0,097 7,4578 |0,1211| 7,4975 |0,1157
C-4 7,471 |0,112| 7,449 |0,1261| 7,476 | 0,126
Table 4

Dielectric parameters of phase and belt insulation of cable
AASHV-3x120 for voltage 10 kV, length 2470 m
a) before repair — phase C damaged

Inspection Applied voltage
scheme 2kV 5kV 8 kV
C,nF | tgd, % | C, nF |tgd, % | C, nF | tgd, %
A-S 636,3 1,00 [616,5| 0,891 |840,1| 1,39
B-S 639,9 0,99 |618,4| 0,896 | 839 | 1,61
C-S phase C damaged
A-B 99,48 1,842 | 119 | 2,151 197,69 1,203
B-C 97,5 1,346 | 99,3 | 1,802 [119,3| 2,158
C-4 phase C damaged
b) after repair
. Applied volta,
inspection ™ kv B sel(ivo T
C,nF |tgd, %| C,nF |tgd, %| C,nF |tgd, %
A-S 500,756(0,7640(501,062|0,8341|504,2875|0,8624
B-S 498,256|0,7774|498,162|0,8511|502,1875(0,8570
C-S 497,756(0,7600|1497,462|0,8582(501,5875(0,8830
A-B [139,937|0,7164|139,675|0,7202|138,5250(0,7212
B-C 141,637(0,7252|141,475|0,7202{140,1250|0,7442
C-4 141,637(0,7452{141,475|0,7242(140,3250(0,7242
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Table 5
Dielectric parameters of phase and belt insulation of the
AASHV-3x95 cable for voltage of 10 kV, length 40 m

Inspecton. |— PP

C,nF |[tgd, %| C,nF |[tgd, %| C,nF |tgd, %
A-S 12,6340(0,6654(12,7731(0,7312|12,4834(0,7503
B-S 12,5230(0,6673|12,3241(0,8482(12,7184(0,7772
C-S 12,9240(1,7844(13,1081|1,8594(12,8934(1,7415
A-B 3,1630 (0,3537| 3,1978 [0,0778| 3,1433 |0,1053
B-C 3,2130 |0,3446| 3,3227 |0,0938| 3,1332 |0,1233
C-A 3,1620 |0,2077| 2,8337 |0,1030| 3,3583 [0,0982

After repair of the damaged phase C of the power
cable AASHV-3x120 (Table 4), the uniformity of aging
of the belt and phase insulation of all three phases was
established. After repair, the tgd level decreased, but
remained in the range from 0.6 to 0.8 %, which
corresponds to moderately aged insulation [29].

The AASHV-3x95 cable (Table 5) is characterized
by non-uniform current load in operation. As a result, the
insulation of phase C has 2.3 times higher tgo values: it is
significantly aged compared to the others. The critical tgd
values for the frequency of 50 Hz correspond to the
critical value of mechanical strength by the number of
double bends of cable papers and have the following
values: for phase insulation: 1.2673—-1.3874 %; for belt
insulation: 1.29-1.4886 % [36]. Additional direct current
inspections in operation proved the defectiveness of the
cable coupling of phase C.

Measurements at direct voltage allow to detect local
defects of the cable line — leakage of impregnating liquid,
which most often occur in connecting and end couplings
[37—-40].

Measurement of leakage current at direct current
when applying a voltage of 40 kV allowed to determine
the insulation resistance Ris of phase C of the cable line
with the coupling. The product of the insulation resistance
R;; and the electrical capacitance of phase C (Table 5,
C-S = 12.924 nF) determines the self-discharge time
constant of the insulation & = R;-C — an objective
indicator of quality that does not depend on the geometric
dimensions of the insulation.

Thus, the signs of defects in elements of cable lines
with paper impregnated insulation are established on the
basis of the ratio of the values of tgd of the types of cable
insulation (the result of measurements on AC) and the
self-discharge time constant (the result of measurements
on direct current of insulation resistance and electric
capacitance on AC) (Table 6).

Table 6
Classification of defects in cable lines with paper impregnated
insulation [41]

tgd < (0,5-1)%
Coupling

Value range of 6, s
6<(1-10)
6> (10-100)

tgo > (1-2) %
Coupling and cable
Cable

Normal state

In the considered case, the self-discharge time
constant of phase C is 8 = 1.52 s; for phases 4 and B:
6=12.14 s and 7.43 s, respectively.

Conclusions.

1. The established differences in the structure of the
probing electric field in the types of paper impregnated
electrical insulation made it possible to determine the
share of energy accumulated in the phase, belt insulation
and interphase space in the cable as a whole.

2. It has been proven that according to the inspection
schemes «each of the three cores — against the grounded
two others and the metal shell» and «three cores together
— against the grounded shell», the probing electric field is
concentrated mainly in the phase or belt insulation of the
cable, respectively. This provided the basis for developing
a methodology for determining the dielectric parameters
of the types of electrical insulation — phase and belt
insulation of power cables.

3. The methodology is based on solving a system of
linear algebraic equations of the 6th order, which reflects
the results of six cumulative measurements of the
dielectric parameters of three-core power cables in a
metal shell.

4. The results of the practical implementation of the
developed methodology for assessing the differences in
the properties of phase and belt insulation of NPP power
cables and power network cables are presented.

5.The need to compare the results of diagnostic
examinations on direct and alternating currents to increase
the accuracy of assessing the technical condition of power
cables with paper impregnated insulation in operation is
argued.
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