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DETERMINATION OF ANALYTICAL CALCULATION ERROR OF MAGNETIC FIELD
OF HIGH-VOLTAGE CABLE LINES WITH TWO-POINT BONDED CABLE SHIELDS
CAUSED BY NON-UNIFORM CURRENT DISTRIBUTION IN THE SHIELDS

This paper deals with the determination of analytical calculation error of magnetic field of high-voltage cable lines in two-point
bonded cable shields caused by non-uniformity of the current distribution in the shields. The relative error is determined by
comparing numerical calculation of magnetic field obtained in the COMSOL Multiphysics software with the analytical one. It is
shown that the maximum value of relative error does not exceed 8 %. The obtained error values are verified by testing the
numerical calculation and confirmed by results of experiment. In paper proves the correctness of the analytical calculation of
magnetic field of cable lines at the points of its normalization, which is carried out without taking into account the non-uniform
current distribution in the cable shields. References 13, tables 2, figures 4.
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B pabome onpedenena omnocumensnas nOZPewiHOCMs AHATUMUYECKO20 PAcYema UHOYKUUL MAZHUMHOZ0 NOJIsA Mpex(a3no
KabenvHoli TuHUU, 00YCI08IEHHAA HEPAGHOMEPHOCHbIO NIIOMHOCIU MOKA 6 IKPAHAX 00HOMcunbHbIX Kabenel. Ilozpewunocms
nonyyena nymem CpaeHeHUs YUCIAEHHO20 paciuema 6 npozpammuoi cpede COMSOL Multiphysics ¢ ananumuueckum memooom
pacuema. Iloxkazano, umo maxkcumanvroe 3Hauenue nozpeutnocmu He npegviuiaem 8 %. Ilonyuennvie 3HaueHua nozpeuwinocmu
eepupuyuposansl nymem MmMeCMUPOSAHUs HUCIEHHOZ0 paAcYema U HOOMGEPIHCOEHbL pe3ylbmamamu IKCHEPUMEHmA.
ObocHosana KOppeKmMHOCHb AHATUMUYECKO20 PACUema MAZHUMNO20 NONA KAOEAbHbIX TUHUI 6 MOUKAX €20 HOPMUPOBAHUA NPU
0BYXCIOPOHHEM 3aAMBIKAHUU IKPAHOG Kadenell, 6bINOTHAEMO20 (€3 yuema HepaAGHOMEPHOCHU NIAOMHOCIMU MOKA 8 IKPAHAX

kaoeneit. butn. 13, puc. 4, Tadin. 2.

Knrouesvie crosa: kabesibHasi THHUSA, JKPaH KabeJisl, ABYXCTOPOHHee 3a3eMJICHHe, MATHUTHOE 110J1¢, IOrPelIHOCTh pacyera.

Introduction. The problem of calculating the RMS
value of the flux density of the magnetic field (MF) of
high-voltage cable lines consisting of single-core cables
[1, 2] arises when they are designed and is necessary to
limit the MF along the cable lines to the maximum
permissible level. In Ukraine, this level is regulated by
normative documents [3, 4] and for residential
development is 10 uT over the cable lines, at an altitude
of 0.5 m from the surface of the earth, and 0.5 pT in
nearby residential areas.

A certain complexity is the calculation of the flux
density of the MF of cable lines with two-point bonded
cable shields [4], when longitudinal currents are induced
in them [5, 6]. The known engineering methods for
calculating MF of cable lines [1, 4, 5], for such cases, are
based on numerical methods. When using these
techniques, the results of the calculation are presented in
the form of tables with a limited number of discrete
values of the calculated quantities, which causes
difficulties in their practical application in the design of
the cable lines.

In [7], an analytical technique is proposed for
calculating the MF of cable lines with the two-point
bonded cable shields, free from the above disadvantages,
and allowing calculation at any cable line parameters.
However, this technique does not take into account the
influence of the proximity effect on the MF of cable line
[8, 9], which related to non-uniformity of the densities of
the longitudinal currents in the cable shields, the
description of which is analytically difficult. In this
connection, the problem arises of determining the error in
the analytical calculation of the MF of cable lines.

The goal of this paper is the determination of the
relative error of the analytical calculation of the magnetic
flux density of three-phase high-voltage cable line at the
points of its normalization caused by non-uniform current
distribution in the cable shields.

Investigation technique. The required relative error
¢ of the analytical calculation of the flux density of the
MF of cable line is defined as

e=|1- -100%, (1)

num
where B is analytical value of the magnetic flux density,
without taking into account the non-uniform current
distribution in the cable shields; B,,,, is the exact RMS
value of the magnetic flux density, which it is determined
with taking into account the non-uniformity current
distribution.

To determine B,,,, a numerical calculation is used
that has a verified relative error, which is substantially
less than the error permissible in engineering calculations.

Calculation of the magnetic flux density is carried
out for real high-voltage cable line [1, 4] at the point of
normalization P for trefoil and flat arrangement (Fig. 1).
The value of 4 varies from 0.5 m to 2 m by step 0.5 m,
taking into account [3, 4]. In this case, the distance
between the cables axes d varies from 0.1 m to 0.3 m by
step 0.1 m. The diameter of the cable shields D is 55 mm
and 70 mm, the cross-section of shields S is 100 mm?,
200 mm” and 300 mm®.

Numerical calculation of B,,,. To calculate B,,,,
the software package COMSOL Multiphysics [10] is used,
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the relative error of which is verified in [S] when solving
a similar problem and does not exceed 1 %. The
computational model, in contrast to [5], is performed in
accordance with [11] and allows one to find the flux
distribution of the MF of a three-phase cable line with
allowance for the non-uniform current distribution in
shields with a smaller error.
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Fig. 1

The following assumptions are made in the
calculation:

1) Cables are infinitely long and laid parallel to each
other;

2) The cable line operates in the steady-state mode,
the RMS values of currents in the cores have a frequency
of 50 Hz, are equal in magnitude and their phases are
shifted from each other by 120°.

In this case, the MF of the cable line is a plane-
parallel, which allows us to solve the problem in a two-

dimensional formulation (Fig. 2).
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Fig. 2

The theoretical basis for describing the accepted
design model of MF is the equation of the law of the total
current in the quasi-stationary approximation [8, 12].
Taking into account the connection between the vector
potential and the magnetic field strength and taking into
account that the vector potential has only one non-zero
component, this equation takes the form:

o%4.  o%A.

+

axz ayz _JHO(DJAZ :O’

where AZ is the complex amplitude of the component of

the vector potential of the electromagnetic field along the
Z axis directed parallel to the cable line; j is the imaginary
unit; u=47107 H/m is the magnetic constant; 0=27-50 st
is the cyclic current frequency; o is the conductivity of the
medium for which the equation is written
(0.4=3.810" S/m, 6¢, = 5.0:-10” S/m, o, = 0 S/m).

The numerical simulation is carried out using the
«Magnetic Fieldsy» interface, which is included in the
«AC/DC Module» [10] of the software package. When
constructing a two-dimensional model in the Cartesian
coordinate system, the option «Space Dimension» was set
to «2Dy.

The calculation area is a circle with a diameter
L=6 m. Inside it there are the cable line and airspace. To
reduce the size of the calculated area on the periphery of
the circle, the layer «Infinite element domains» of
thickness L/3 is located.

The calculation model of each of the three cables
consists of an aluminum core and a copper shield (Fig. 2).
Since the electrical conductivities of the external medium
and cross-linked polyethylene (XLPE) are negligible
compared to the conductivity of the shield, their effect on
the current density distribution in the shields is not taken
into account.

The current in each cable core is set using the
«Single-Turn Coily function in the «Magnetic Fields»
menu. For the option «Coil excitation», the variant
«Currenty is selected, for which:

1]:f = [0€j¢k .
where [, is the current amplitude in cores;
&, ={-27/3,0,27/3} is the current phase in the cable

core; k = 1,_3 is the cable number.
The boundary conditions are following:

A =4, ,
ol _oi,
on on’

where 7 is the unit vector of the normal to the boundary;
the superscript i indicates the conductive medium.

In the area of the shields, the mesh of the «Mapped»
type is used (Fig. 3,b). Along the thickness, the shield is
divided into 20 elements, and along the perimeter — into
200. In the other regions, the mesh of the «Free
Triangulary type is used (Fig. 3,a). The mesh density is
«Extremely finey, the minimum element size is 1/40 of the
diameter of the cable core.

The result of the calculation is the distribution of

AZ. Taking into account that the complex amplitudes of
the magnetic flux density are equal to Bx = 6/12 /0y
and B y = ~04, /dx , the expression for the RMS value of

the magnetic flux density of the cable line takes the form:

num — ﬁ
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It is worth noting that the proposed calculation
model is applicable for an arbitrary method of cables
arrangement.

The verification of the numerical calculation was
performed by comparison with the solutions obtained by
doubling the size of the calculated area and using a finest
grid. In this case, the error of calculation does not exceed
0.5 %. The results of the calculation also coincide with
the experimental data [5].

Analytical calculation of B. The analytical method
for calculating the MF of cable line is proposed in [7].
When obtaining the calculated ratios, the same
assumptions were used in it as for the numerical
calculation considered above, but the distribution of the
current density in the shields of each cable was assumed
to be uniform.

As the calculated one we use the following relation
obtained from [7] by transition from the complex
amplitude of the magnetic flux density to its RMS value:
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where I{ and ;" are the complex amplitudes of currents

in the core and shield of the -th cable, respectively; (x, y)
are the coordinates of the point P, in which MF is
calculated (see Fig. 1); (x;, 1) are the coordinates of the .-
th cable axis; k =1,3is the cable number.

The values of the currents in (2) are determined as
follows. For the case of cable lines in the flat arrangement
(Fig. 1,b), the currents in the cores form a system of direct
sequence, and the currents in the shields are determined
by the following relationships [7, 13]:

Q-ln2A-1n‘j+J§1n2—j1n4A3
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where Q:;ﬂ and A=— are the dimensionless

TR r
parameters of the cable line; R is the cable length unit
resistance, (2/m; d is the inter-phase distance (distance
between axes of neighbor cables), m; r is the shield
radius, m.

In the case of trefoil arrangement of the cable line
(Fig. 1,a), the calculation dependence for currents in
shields has a more compact form [7, 13]:

i = —jg.JQnA
1+jQIn4

Consequently, B is analytically calculated using
expression (2) with (3) or (4), for cables with a trefoil or
flat arrangement, respectively.

The analysis of analytical calculation error. Fig. 4
shows the results of the calculation of the RMS values of B
(analytical calculation) and B,,, (numerical calculation)
using the proposed methods for the 1000A current. The
calculation of the magnetic flux density is performed as a
function of the distance / to the observation point P (see
Fig. 1) for the case of maximum non-uniformity of the
current distribution in cable shields. At the same time, the
shield diameter is maximal D=70 mm [4], the shield cross
section is S =300 mm’ and the cables are laid close
d=0.1 m. As can be seen on Fig. 4, the scatter of the results
of the analytical and numerical calculations is negligible.
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To quantify the error of the analytical calculation,
Table 1, 2 show the results of calculating the value
of ¢ (1) for real high-voltage cable lines [4].

Table 1
Values of &, % for cable line of trefoil arrangement

Shield diameter D, mm

h, m d,m ) _ | 27 0
Shield section S, mm
100 200 300 100 200 300

0.1 1.0 | 27 | 43 | 1.6 | 48 | 7.9
0.5 0.2 02 | 04 | 06 | 04 | 1.0 | 15

0.3 0.1 0.1 0.1 0.2 0.3 0.5

0.1 1.0 2.8 4.3 1.6 4.8 7.9

1.0 02 | 02 | 04 | 06 | 04 | 1.0 | 15
03 | 01 | 01 | 01 | 02 ] 03] 05
01 | 1.0 | 2.7 | 43 | 1.6 | 48 | 79
L5 02 | 02 | 04 | 06 | 04 | 1.0 | 15
03 | 01 | 01 | 01 | 02 ] 03| 05

0.1 1.0 2.7 4.3 1.6 4.8 7.9

2.0 0.2 02 | 04 | 06 | 04 | 1.0 | 15

0.3 0.1 0.1 0.1 0.2 0.3 0.5

Table 2
Values of &, % for cable line of flat arrangement
Shield diameter D, mm
h, m d,m 55 _ | 27 0
Shield section S, mm
100 | 200 | 300 | 100 | 200 | 300

0.1 15 | 25 | 30 | 2.0 | 3.8 | 4.8
0.5 0.2 1.1 | 15 | 1.6 | 1.2 | 1.8 | 2.1

0.3 1.1 1.2 1.3 1.1 1.4 1.6

0.1 0.6 1.3 1.5 1.1 2.6 3.2

1.0 0.2 09 | 12 | 13 | 1.0 | 1.5 | 1.7
03 | 1.0 | 1.1 | 12 | 1.0 | 1.4 | 15
01 | 08 | 07 | 09 |02 ] 07 | 08
L5 02 | 05 ] 06 | 06 | 06 | 09 | 1.0
03 | 08 | 09 | 09 | 08 | 1.1 | 1.2
01 | 21 | 26 | 32|20 | 18 | 23
20 02 | 01 | 01 | 01 | 01 |02 |02

0.3 0.5 0.6 0.6 0.6 0.8 0.8

As follows from Table 1, 2, the maximum error of
the analytical calculation of MF is 7.9 % for cable line of
trefoil and 4.8 % of flat arrangement, and occurs at the
minimum value of d(0.1 m), maximum values of D(70
mm) and S(300 mm?). This case corresponds to dense
cable routing, which is often unacceptable, since it can
cause a limitation of the current carrying capacity of the

cable. With increasing d to 0.2 m, the value of ¢ does not
exceed 2.5 %.

The obtained results of the calculation with a spread
of not more than 5 % agree with the results of the
experimental investigations of the MF of cable line
carried out in [5].

Thus, the relative error & of the analytical calculation
of the MF of cable line does not exceed 8 %, which
confirms the correctness of the assumption made in it
about the uniformity of the current distribution in each of
the cable shields in the engineering calculation of the MF
of cable line.

Conclusions.

1. The maximum value of the error of the analytical
calculation of magnetic field does not exceed 7.9 % for
cable line of trefoil and 4.8 % of flat arrangement, and
occurs with the maximum diameter and cross section of
the cable shields (70 mm and 300 mm?), and the
minimum distance between the cable cores axes (0.1 m).

2. The obtained error values are verified by testing the
numerical calculation performed in the COMSOL
Multiphysics software (the error of less than 0.5 %), and
comparing the results with the experiment.

3. The presented analysis confirms the correctness of
the analytical calculation of the flux density of magnetic
field of cable lines at the points of its normalization,
which is carried out without taking into account the non-
uniformity of current distribution in the cable shields.
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