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Abstract— This paper deals with electromagnetic fields ~ wires are negligible and voltages between the emirés
around double-circuit three-phase overhead power linesand  and earth are equal to zero. Supposing sinuscidaty
their interference effects on the buried parallel equipment, state, the complex representation of time varying
such as pipelines or cables. The paper provides both an  functions can be used. If the phasgsb;, c; in circuit
analysis of electric and magnetic fields around double- No. 1 are placed on the conductors 1, 2, and 3,tlad
circuit power transmission lines and a simulation of how phasesa,, b,, ¢, in circuit No.2 are placed on the
these fieldsinfluence buried equipment. conductors 5, 6 and 7, then the voltage and current

o o ) phasors can be expressed in the matrix forms
Keywords — Double-circuit transmission line, electand

magnetic fields around overhead lines. 1 1 )
uU,=uU,|a’ I,=1,|a’
I. INTRODUCTION a a

Transmission lines (vhv, hv) for transferring vdrigh
power are usually designed as double-circuit tiptesse
overhead lines with earth wires. Due to the protinoif
both circuits, their mutual effects have to be @ered.
To reduce the mutual interference, the overheass lare
usually transposed. With respect to the positionthef
phase conductors, the transposition is not alwaysley
efficient. Besides positive effects on the impe@aotthe
line, the optimised arrangement of the conduct@s c 1 1 a a a°
reduce the electric and magnetic field strengthsheir P={p.p,PupubP}=[a° a 1 1 a
vicinity and, consequently, their negative impaat the
environment. The maximum safe values of both the
electric and magnetic field strengths with resgedheir If the arrangement of the phases in the circuitiNs.
effects on human bodies are stipulated by safetgiven by the columrp and in the circuit No. 2 by the
regulations. The optimised transposition enabld®téer columnp; respectively, the matrices of voltage and current
satisfaction of these requirements [14]. The aiglygms phasors are
carried out by the professional software MATLAB J13 I,p
with a number of special in-house scripts. L :{ H }

At present, there is a tendency towards buildinggyo 2P,
corridors for more transmission systems. The reasoe U,p
difficulties in getting sites, high cost of landywronment i :{ ol }
protection, etc. Particular systems, however, may U.p,
influence one another. The paper deals with tHaente
of an overhead line on a buried pipeline, too. €hes Circuit No. 1 Circuit No. 2
problems are geometrically incommensurable (i.e th $01 $°2
diameter of a pipeline versus the distance between
conductors of an overhead line and land surfachg T 4 T earth Wires/ 8
problem was solved using the simulation software
Agros2D [12] and COMSOL Multiphysics [11]
supplemented with a number of special in-hous@tscri N A

whereU; andl; are amplitudes of the phase voltage and
current in the circuit No. 1 anal= €. There are thirty-

six possible arrangements of the phases in thautayat
only six of them are basic. The other arrangements
provide the same results. These six basic arrangsmé

the phases can be defined in terms of the colyofsthe
matrix P

a
2 @
a a> a> a 1 1

®3)

(4)

0
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Il. MATHEMATICAL MODEL

phase conduktors

ey

a
A. Analytical Solution of the Problem k}l

b, a, b,
D ©: 6{}

Let us consider a double-circuit overhead line witb Sa1a2
earth wires as shown in Fig. 1. On condition thaltage Satte
and current systems are balanced, the currente ipdrth

Fig. 1. Conductors of a double-circuit overheae li
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It is well-known that the electric field strengti @ne  where the submatriB,; of the matrixB respects the
conductor above the perfectly conducting earth e semutual capacitance effects in the circuit No. 1 &he
Fig. 2 — is proportional to the magnitude of itsaxde expressing the impact of the circuit No. 2 on tireudt
(which is given by Eq. (6)) and to the distancgsr’; No. 1. The situation is similar for the submatri@g and
(given by the layout of the conductor and its et B, (See [5] for more details).

and by the position of the point M at which thecefe After superposition, we receive the magnitude @& th
field strength is calculated). resultant electric field strength at the point M:
y M

ExM =2Exi(M) EyM =2Ey\(M) EM = ‘EXM‘2+‘EW‘

The x andy components of the phasor of the magnetic
field strength at the point M which are producedthg
current of tha-th conductor (see Eq. (3)) are given by the

M [x ¥ following formulae

Q [x, ¥l

2 2

Ly - 8
' ()= 2 )= o B lX ®

where 1 =+(xy =% ) +(y - %)’ 0,j=1,2,..8.

The problem was solved using the professional soéw
-Q [x, -yl MATLAB [12] supplemented with a number of specia i
Fig. 2. Calculation of electric strength at pdint house scripts. These scripts provide the abilityséd
For thex andy the phasor components of the electricP@rameters of the computations for different typés
field strength we obtain towers, various voltages, currents and their plsdsies,
arrangement of phases, and for conductors’ sagy. An
Ex (M ) =kQ D, height of conductors above the earth's surfaceaasphn
E,(M)=kQD, (5) of tower can be chosen for the computation of thetec
o Y and magnetic fields. The electric and magnetic&iedan
ihbj=1,2,...8 be calculated at any height above the earth. The aan
set its own configuration. Our scripts allow autdimzthe
where D, =(x, - )(1_1J evaluation process, for example in given intervaksing
R U preset steps, etc.
VitV L Y Yy The correctness of the analytical solution wasfiegri
D r7+? by a numerical solution using the simulation softva
i : Agros2D [11] and COMSOL Multiphysics [10].

B. The Model and Area of Numerical Computation

h':\/(XM =)+ (v + W) The aim was not only to solve the magnetic field
andQ is the charge of the conductor. distribution around overhead lines, but also iffuence

The matrix of the conductor charges for a knownspha on buried plpe-llnes.. ] )
voltage can be determined by means of the method of In fact, buried pipelines are hardly ever arranged
partia' Capacitances_ After expressing the matf|)¢m parallel W|th the dOUbIe-C|rCU|t OVerhead I|nest@fthey

potential coefficient#\, we can find the inverse matix ~ ©Only cross the corridor at some angle or even
perpendicularly. In such cases, however, the infteeof

d, Q [x.yl the overhead line on the pipeline is lower and wdt be
Qi Iy dealt with here.
y The concerned values of the magnetic field are also
o} (A Y
X
b,

influenced by the conductor sags. For the sameomeas
computations are performed for the given heighthef
conductors above the ground.

earth wires o

phase i
conductors o o

R

Ny
_Qj [X]! _M]

Fig. 3. Calculation of capacitance coefficients tfimeB)

The charges on each conductor of a double-cirmst |
for any arrangement of the phases (circuit No.biltog
to the columrp; and circuit No. 2 according to the column
p;) are given by the matri®; elements

U,B;;p +U,B;, P; (6)
Uan pi +Uszz pj I
Fig. 4. The area for numerical computation.

G}
pipeline/

Qi(81)=
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The investigated domain is considered linear (@een TABLE I.
the steel pipeline is supposed to exhibit a comstan ARRANGEMENT OF THE PHASES
permeability, which is possible due to its rathew| Phase Arrangement Curve Number
saturation). In the steady state, the electromagfietd X x
generated by the overhead line is then harmonicnaad e 0 @O0 L
be described by the Helmholtz equation for thth o x 2
component of the magnetic vector potentfalphasor e X ®o
. _ X X
AA_]WA_ﬂlext (9) [e 3K ) ® O 3
The problem is solved two-dimensionally in the hd X 4
Cartesian coordinate systemy, as the model does not O x ®0
change in the direction of tlzeaxis. ° X 5
. X ® @O0
AAZ -] wW_Az = .u;]extz (10) [ J X 6
. X O @O0
where J, , is thezth component of the external current
density phasor in the conductors of the overhesa] Jir We investigated the situation for six basic

transpositions of the overhead line according tblda.

denotg s the magnenc pgrmeabﬂﬂy, stands for the The arrangement of the phases is marked by the dgmb
electric conductivity, andv is the angular frequency. o oand x“

Th.e two—dimensio_nal are® is defjned. This. are@ The distribution ofE [KV/m] and B [uT] is depicted in
consists of two main subared, (air), £ (soil) (see Fig 6. The numbers of curves correspond to the

Fig. 4). The pipeline in_soil with the other coresied  arrangement of the phase conductors, as shownkiriTa
subareas is depicted in Fig 5. Eq. (10) is apgbegach of  ond oqjumn.

the areas separately [1].

soil 3

steel

X

AN \\
5

77N\

0
x[m]

Fig. 5. Example of a buried pipeline.

The time-average volumetric value of heat generayed a /\/ 5
resistive heating of the steel pipeline is theregiby the
expression

VARN

x[m] x{lznl
1 J.,
Q, =-Re{=2=2 (11) . o ) ,
) y Fig. 6. Distribution of [kV/m] andB [uT] for the “Donau” type tower.
The curves numbers correspond to the phase arramgé¢iab. 1).

where J, denotes the total current density in the pipeline. ' .
The first example shows that an optimum arrangement
The computations were performed by Agros2D [12]is achieved when the conductors of the same plases
and COMSOL Multiphysics [11] supplemented with aseparated as much as possible from each otherhand t
number of special in-house procedures. The papelistance between the different phases is kept adl ss
compares the results obtained from these two softwapossible.

applications. Conversely, an undesirable arrangement occurseif th
phases are placed symmetrically, enantiomorphlyher
Il ILLUSTRATIVE EXAMPLE conductors of the same phase are close to oneantith
The analysis of the electric and magnetic field waghose cases the magnetic field is twice or threesi
performed for a double-circuit tower of the “Donaype  higher than in the optimum case. The allowable evalfi
carrying two parallel overhead lines. the electric field strength is 5 kV/m and the aliile

Supposing the overhead line ended with the surgélué of the magnetic flux density is 100 uT [1HET
impedance loading, the magnitude of the curregivien results clearly indicate that the Donau tower edeeethe
by the real power and rated voltage: allowable value in places where the conductors were

located at a minimal height above the ground.
Ui = U, = 400 [kV], l1=12="790 [A]. In the following example, the subject of this stugya
The distribution of the field at a height of 1.2above

steel pipeline. The conductivity of steel roughgnges
the earth was calculated for six basic arrangen(given ~ from 10°S/m to 16S/m, in our case we consider

by the matrixP — Eq. (2)), and for the distance given by y =60000 S/m. Its relative permeability igs =8000.

the size of the tower. The observed values areehigith  The gas in the pipeline is characterized by pararset
the conductor sags. y=0 and g =1.
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The computations were performed using the programs
N T Agros2D [12] and COMSOL Multiphysics [11]

/ 1 7 1 supplemented with a number of special in-hous@tscri
ng/ \ «;/'\ \ Another example shows a pipeline buried in parallel
s : “/ > with a power overhead line suspended from a Donau
K N tower (see Fig. 4).

Al . Al J The arrangement of the conductor phases has a
ot ot significant effect on the situation in the pipelifné we
consider pipelines buried in parallel with two plada

lines, transposition affects the distribution of gnatic
e . field in the vicinity of the lines and of course the

g g pipeline, too.
S . Sae S PR The influence of the phase conductor arrangement on
: .

E the current density and magnetic induction in tipelme
Al ] Al | in dependence on the distance from the tower isctiep
atm atm in Fig. 7 and Fig. 8. The influence is studied alistance
of 10-50 m from the tower axis. The numbers of earv
correspond to the arrangement of the phase conduei®
shown in Tab.1. The observed values indicate that
symmetrical or mirror arrangements are unsuitable.

oazs Most of the observed current density values instieel
pipeline are higher than 100 Affisee Fig. 7), making the

:; /. 0:5 ~ N AC corrosion highly probable [15].

§ g . o Fig. 7 and Fig. 8 show current density and magnetic

- ’ . 10 , ¢ induction, on the left side for the conductivity
S e S~ ¥y =0.01S/m on the right side foy = 0.1 S/m

: atm S aim ) In the third example, we calculated the volumetric

lossesQ,, in the pipeline as functions of the distartte
for particular arrangements listed in Tab. 1. Témults are

7=001SIm 7=0.15im

Fig. 7. The current density in the pipeline depegan the distance.
The curves numbers correspond to the phase arramyéirab. 1).

002 0.02 . .
. shown in Fig. 9.

0015 0.016 8 .. . . -
§ g A transposition in the double-circuit three-phase
001 5, S5 0.01 6 5 . . .

‘. . ‘. ‘ overhead lines has a considerable influence on the

et ' volumetric losseLQ,, in the pipeline, too.

% 50 %0 5

atm i The highest volumetric losses in the pipeline dyitime
normal operation occur in the variants when thesphare

Fig. 8. The magnetic induction in the pipeline elegting on the distance. placed symmetrically with respect to the tower axis
The curves numbers correspond to the phase arramyéirab. 1). (variant 3in Tab l)

The inner diameter of the pipeline is 0.5 m and its This configuration is also the least favorable frtre
thickness is 0.02 nr{= 0.25 my, = 0.27 m; see Fig. 2).  viewpoint of magnetic flux density penetrating the
The steel pipeline is covered with an insulatioatow. ~ Pipeline. The variant 5 is one of the negativearats. The

This coating mainly functions as corrosion protcti Vvariants 3 and 5 have the same phase closest towiee
preventing the pipeline from direct contact withl.sbhe  axis.

insulation is usually made of tar, asphalt, piteimd The fourth example deals with the influence of an
cement and there are also advanced polymer coatingserhead line on a buried cable. However, as the
(made of polyethylene, polypropylene, etc.). Asphalconditions in the steel covering of the cable are
coatings are several mm to cm tick, but the thisknef  significantly influenced by the magnetic field bietcable
polymer coatings is measured jm. The insulation itself, we first investigated the situation in thable
coating is characterized by the paramet¢rs 0 and covering without the influence of the overhead powe

4 =1. Some cases it have also been solved for uncoatéfies. The volumetric heat losses are in egein.

pipelines, or non-defective coatings, which do afiéect The three-phase power cable (Fig. 10) is buried in

the field distribution. depth of1 m. The effective value of its nominal current
In practice, there is a change in soil type botticaly 1S 100A, voltage10kV and frequencys0 Hz.

and horizontally; therefore, there is also a chaimgits The  physical  properties of  copper are

conductivityy. Moreover, the changes in the conductivity )y =5.8x 10 S/m; relative permeability isy, =1. The

of .T’Oil dep|>end _n?t”only donhthel SOiII ty[?e, but ?mpHdg insulation materials are characterized by the paters
soll, yearly rainiall and the level of ground wat y=0 and g =1. The conductivity of soil is

values may range from 0.0005 S/m to 0.5 S/m. Weeho ) ) S .
a typical electric conductivity y=0.01S/m and ¥ =0.01S/m and its relative permeability ). =1, as in

y = 0.1 S/nor this illustrative example. the previous example.
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0.04

This problem is geometrically incommensurable. On

0035 : one hand, there is the field surrounding the odterble-
003 circuit power overhead line (along tens to hundrefis
o 0025 meters), but on the other hand, there is the fielthe
3 0.02
Ui

. 1 buried pipeline (with a thickness of 0.02 m).
0015 2 The h-adaptivity does not appear to be the best possible
001 technique for the solution due to the geometrical
0,008 incommensurability of the problem. The increasehe

number of mesh elements leads to high requirermamts
w03 computing power and available memory size. Theegfior
00 is better to solve this problem by increasing th#eo of
approximating polynomials (i.e. by applying the

5
O:: adaptivity). The mesh remains unchanged in this.cas
0(;25 Fig. 12 compares the adaptive techniques implerdente
E in Agros2D. It shows the dependence of the relativer
i; 007 of computations on the number of degrees of freedom
oo The numerical solution to these problems was a@rrie
oo : out using the software COMSOL Multiphysics [12].€Th
0.005 = problem could have been solved only usingttfaslaptive

S % method in COMSOL because an increase in the nuofber
atml mesh elements would not have led to a solution tdue
Fig. 9. Dependences of volumetric los$gs, in the pipeline on the insufficient memory. )
distanced for the cases listed in Tab. 1. These examples were computed using the standard
finite element method, but less accurately due he t

The distance between the outmost conductor and thfymber of degrees of freedom. The orders of the
tower axis is14.5 m. The distance between the center ofolynomials could have been increased, but only in

the cable and tower axis lies betwe@ro 30 m. particular domains. The computation was performét w
The dependences of the volumetric los§gs in the these parameters:

cable covering on the distanaé for the arrangements ~ Number of degrees of freedom: 169299,
listed in Tab. 1 are depicted in Fig. 11. number of mesh points: 42378,

order of polynomial: 2.

0.09

0.08

0.07

0.06

0.05

3
Q, Wim?)

0.04-

0.03-

Fig. 10. Three-phase power cable: 1 — copper atinds 2 — PVC %% 2 20 - 0 B o
insulation, 3 — rubber, 4 — steel covering (flaestbands),
5 — outer PVC housing(= 0.055 my, = 0.06 my; = 0.07 m). 008
The computations are performed numerically, apglyin 008 -
the finite element method. In addition, the methads oot /_
adaptivity were used. The code Agros2D enablesutiee /

0.06 /

of three types of adaptivity. THeadaptivity is based on
the division of an element into several smallemelats.
The sizes or numbers of elements vary, while the
polynomial orders of approximated quantities in the
elements remain the same in the process.pldaptivity
enlarges the orders of corresponding approximating
polynomials, with the size of each element remajritme |
same. Thehp-adaptivity represents the most complicated o '25 & o o N °
method. It is a combination of both above-mentioned ;

methods; however, it is significantly different finoboth _ _ -
the h- andp-adaptivities. covering on the distancd for arrangements listed in Tab. 1.

0.05

Q wWim?)

0.04

g. 11. Dependences of the volumetric |OS@-§, in the cable

TELEN2015015



Transactions on Electrical Engineering, Vol. 4 (8)1No. 3

85

10

i

(1]

(2]

rel.error [%]
w

e ——
—B—h
a —<A-hp
3 \‘\:\‘ [3]
A
2
\ [4]
! P
0 [5]

10000 100000
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Fig. 12. Comparison of adaptive techniques.

IV. CONCLUSION

The results prove that the suitable arrangemerhef
phases of particular conductors leads to reduafotihe
magnetic field, namely in locations where the mégigne
field can negatively affect the human body. Thegested
algorithm can be used for double-circuit overheaésl
with the same voltage level or for parallel linesthw
different voltage levels.

The values of the field distribution and the valfe
volumetric losses in buried parallel equipment are
influenced by the distance of the buried parallel9]
equipment from the overhead line, and by the cotidtyc
of soil, which is variable both vertically and hawntally,
depending on the soil composition. The value of the
investigated volumetric losses is significantlyluehced
by the arrangement of phases in two parallel lifds
research shows that it is possible to find an agtim
transposition of phase conductors, so that theevafithe
volumetric losses in the pipeline is minimized. The
concerned value is also non-negligibly influencedtte
conductor sags.

(71

(8]
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