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Abstract: This paper presents a method for determining optimal arrangements of
parallel independent overhead power lines aimed to decrease electric and
magnetic field emissions. The Genetic Algorithm (GA) is used to find the
optimal placement of conductors. The Monte Carlo approach implemented in
GA allows consideration of uncertain phase shifts between independent overhead
power lines. The results and practical aspects of the proposed methodology are
illustrated on two different configurations of both independent 400 kV single-
circuit and double-circuit overhead power lines.
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1 Introduction

Potential implications for human health of low-frequency electric and
magnetic fields (EMFs) have been looked at in a number of epidemiological
studies (for overview, see [1]). Common sources of low-frequency EMFs
include overhead power lines (OHPLs), electrical substations and electrical
appliances. High values of EMFs have been reported especially at sites in close
vicinity of high voltage OHPLs therefore the OHPLs should be designed in such
manner so as to minimize electric and magnetic field emissions.

In the case of extremely low-frequency fields the electric field strength
depends on voltage, while the magnetic field strength depends on the value of
the electric current. Thus, by varying the current value, the magnetic field
strength can be varied too. The international and national standards set both
public and occupational limits based on short-term or long-term exposure of
humans to the magnetic field [2] and its impact on human health. Short-term
exposure of humans to magnetic field and its impact on their health relies on the
conservative approach based on the worst-case scenario which involves the
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maximum value of magnetic field, while long-term exposure of humans to
magnetic field and its impact on health evaluates continuous exposure of
humans to variable magnetic field in space and time.

Both the European Union and the Republic of Serbia have adopted limits
only for short-term exposure to magnetic field [2, 3]. The worst-case scenario,
for single-circuit OHPL, takes into consideration maximum values for lines
current and conductor sag, while in double-circuit OHPL the same phase shift
angle for both terns of phase conductors is the additional hypothesis [4]. The
effects of rearranging the double-circuit phase succession and optimization
methods used to solve problems of optimal arrangements of double-circuit
OHPL intended to decrease electric and magnetic field emissions are the subject
of numerous studies (for an overview see [5]).

In the worst-case scenario the phase shifts values are needed to optimize
the arrangements of more than two independent OHPLs (single-circuit or
double-circuit). Typically, information about the phase shift is not available in
practice, especially for new OHPLs at the design stage. Therefore, each of the
phase shifts can be treated as random variables uniformly distributed inside the
interval. The huge number of possible phase shifts combination clearly
disregards brute-force searching as a solution methodology.

In this paper, a novel method for determining optimal arrangements of
independent parallel OHPLs aimed to decrease electric and magnetic field
emissions is proposed. The Genetic Algorithm (GA) is used to find the optimal
placement of conductors. The single-objective GA approach uses a weighted
method to combine the two objectives (electric and magnetic field strengths)
into a single objective function. The Monte Carlo simulations implemented in
GA allow for the consideration of uncertain phase shifts between independent
power lines and enable to finding the worst-case scenario. Literature provides
only few recommendations for the sample size of Monte Carlo approach. In this
paper, we examined the influence of sample size on the proposed optimization
method.

This paper is arranged as follows. Section 2 describes the methodology for
the calculation of high-voltage OHPLs electric and magnetic fields. Section 3
proposes hybrid Monte Carlo simulations/GA-based minimization procedure,
described in detail. Section 4 presents results for two real-life test systems (from
Electric Power Industry of Serbia). The concluding section summarizes the
results obtained from the test systems.

2 Problem Formulation

In order to determine electric and magnetic fields it is necessary to solve
coupled Maxwell’s equations. In the quasi-static approximation of extremely
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low-frequency fields, the Maxwell's equations become decoupled and electric
and magnetic fields can be calculated separately.
2.1 Calculation of magnetic field of high-voltage overhead power lines

Fig. 1 shows a basic catenary geometry for a sagged conductor, where f,
is the conductor's sag.
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Fig. 1 — Modeling of the sagged conductor (dashed line)
with a finite number of straight segments (solid lines).

A catenary of OHPL is described by equation [5]:

yzkccosh(ki+clJ+cz, €]

where:
x, y —conductor coordinates;

k. —parameter of the catenary (the ratio between the horizontal
component of the conductor tensile force and the conductor
weight per unit length);

¢, ¢,—constants determined by the boundary conditions (defined from
ending points of a conductor suspended between two towers).

Applying Biot-Savart law, the magnetic flux density vector in an
observation point i is:

- I1dl x7
B= —_— 2

0;[ 4m° @
where:

1, — the vacuum permeability;
[, —the length of the conductor;
d/ — differential element at the direction of current;

7 —vector whose magnitude r is the distance from the source to the
observation point.
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For the power line described by (1), the vectors of magnetic flux density
and electric field strength in observation point cannot be determined analytically
[6]. The magnetic field density components in x—, y— and z— directions in
observation point i of one periodically sagged conductor divided on straight
segments, shown as solid line in Fig. 1, can be calculated applying the
superposition theorem:

Bx(y,z)i :ZBx(y,z)ij; n:N\'st’ (3)
j=1
where:
n —the number of observed straight segments;
B, ,..,; —components of the magnetic flux density of the straight segment in

the x—, y— and z— directions, respectively;

i — total number of the observation points, i =1,2,---, N I

N, —the number of spans;

N, — the number of straight segments of the sagged conductor.

The effects of the currents induced in the earth on the total magnetic field
produced under OHPLs can be modeled by a perfect conducting plane located at
a complex depth below the earth surface [7]. If the radial distance from the
conductor to the point of interest is substantially smaller than the penetration
depth of image ground currents, the effect of the currents induced in the earth
on the total magnetic field produced under the OHPLs is negligible [6]. Given
that typical values of the penetration depth at 50 (60) Hz are 350 — 1600 m (for
the earth resistivity lying in the range 50 — 1000 Qm), the approximate formula
(2) is valid for observation points under the OHPLs.

As for three-phase power lines, the line currents are sinusoidally varying
with time at power frequency. For K three-phase balanced system, the K terns of
current can be written as follows:

I, ()= x/E[k sin(ml + ¢, );
i, (1) =21, sin(ot +¢, —120°); (4)
i ()= \/Elk sin((m‘ +¢, + 120°),
where:
a, b, ¢ —indices of phases conductor, respectively;

I, — effective value of 4-th tern of current;

k —number of terns, k=1,2,---, K ;

¢, — phase shift of k-th tern of current.
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Consequently, the magnetic field in the vicinity of the OHPLs also varies at
the power frequency and can be made by superposition of the results calculated
separately for each phase conductor given in (3). If the superposition theorem is
applied and all phase conductors are taken into consideration, the obtained
complex components of the magnetic flux density in observation point in x—, y—
and z— directions can be written in matrix form as:

B.(I,9) =B (Ie(9), (5)
where B,(I,¢) is three-dimensional complex vector of the magnetic flux
density in observation point i in the x—, y— and z— directions:

B(I,9)=|B, B, B,] (6)

B.(I) is a matrix of the magnetic flux density of each phase conductor in

T
s

observation point 7 in the x-, y- and z- directions, respectively:
. b - b, ”
B (1) BY(L) By() - By (1) B (1) B (1)~ By (1) By (L) B (1)

B.(D)=| Byi(1,) B)(1,) By(1)™ By (1) By (1) Byi(1) ™ By (1) By (1) By (1)[(7)

b, 1 b b,
BY () B BLG) B B () BEG) B () B () B ()

and e() is a 3K-dimensional complex vector:

—120° 120° -120° 120° —120° 120°
e((p) — |:ewl eJ((m ) eJ((Pﬁ ) ... ewk eJ((P/( ) eJ(wk+ ) ... ewK eJ(‘PK ) eJ(‘I’K+ )] . (8)

The effective values of current and phase shift of all terns can be given in vector
form:

Iz[zl I zk]T, ©)

(p:[(pl P ‘PKT' (10)

Effective value of the magnetic flux density (root mean square value) is [5]:

B = (11)

2.2 Calculation of electric field of high-voltage overhead power lines

2

Bxi

Bzi

2 2
+‘l_3y,.‘ +

To determine the three-dimensional electric field distribution near
transmission lines, a numerical calculation based on Charge Simulation Method
(CSM) is proposed [8]. The phase conductors and ground wires are represented
by the line charges. For a representation of non-uniform surface charge
distribution, the phase conductors and ground wires described by the catenary
equation is subdivided into straight segments with unknown fictitious complex
linear charge, as shown in Fig 1. Simulation linear charges are set in the centre
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of each straight segment therefore boundary conditions are satisfied in some
matching points on the conductor surface. Potential errors exist in all other
conductor surface positions. The influence of earth surface is replaced with the
images of conductors located at a depth equal to the conductor's height,
applying the image theorem.

In order to determine n. unknown fictitious complex linear charge used to
simulate the surface charge distribution of transmission lines, the same numbers
of testing points on the surface of conductor are selected. The potential at this
contour point is equal to the conductor's potential. The potentials of the testing
points can be calculated by superposition of fictitious line charges:

v=p-Q, (12)

where:
P — the matrix of potential coefficient of the observed straight segments;
O — vector of unknown fictitious complex linear charge;
V —the vector of known potentials in the contour points of phase
conductors and ground wires.
The fictitious complex linear charge can be determined by matrix inversion:

o=pP'-V. (13)

The electric field strength components in x-, y- and z- directions in
observation point i of the air space are a superposition of electric field produced
by the fictitious complex linear charge:

n,.

EX(y,Z)i = A(y 2)ij Z x (v, 2)ij _’ (14)

Jj=1
The components of the electric field strength coefficient of the straight
segment and their images in the x—, y— and z— directions are [5]:

F ___ % (15)
A (n,2),

For the K three-phase balanced system, the K terns of phase voltage can be
written as follows:

v, ()= \/EVk sin(ot+6,);
v,, (1) =~2V, sin (ot +0, —120°); (16)
v, (t)=~2V, sin(or +0, +120°),

where:
V, — effective value of k-th tern of phase voltage and

0, — phase shift of &-th tern of phase voltage.
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By analogy with methodology for calculation of complex components of
the magnetic flux density, the obtained complex components of the electric field
strength in observation point in x-, y- and z- directions can be written in matrix
form as:

E(V.0)=E,(V) (), (17)

where E, (V) is a matrix of the electric field strength of each phase conductor
in observation point i in the x-, y- and z- directions, respectively:

b : . by ', by g
Eq(R) Eq()) Eq(h) = Ed () Eg () Eq ()~ Eff () Ef (V) Ef (V)
b 2 ‘ by ', by :
E (V)= EL ) EL0) Eg0) ™ Ef ) Ep () Ex0) ™ Exf () EX o) Ef 07 [(18)
b 2 ‘ by ', by :
Eq(R) Eq () EG(h) ™ Ef () E;f (V) EG(,) ™ ESF () Ef (V) Ef (7))
and e(0) is a 3K-dimensional complex vector:
e(e):[eje, QIOI1207) i(04120%) ol ej(ekflzoﬂ) ej(ek+120°) e @l IOk -120%) ej(ek+120°)i|T. (19)

The effective values of phase voltage and phase shift of all terns can be
given in vector form:

V:[Vl . VKT, 20)
T
ez[e] w0, 9,(} . @1)
Effective value of the electric field strength is:
E=\|Ef +]E,[ +|ES (22)

Observe that the phase shift of tern 1 is assumed as the reference and it is
assigned the value of ¢, =0° and 6, =0°.

3 Optimization Procedure

The multiple-objective optimization technique, proposed in this paper, uses
the trade-off information in the form of weights to measure the relative
importance of different objective functions. These weights can also be
interpreted as rating coefficients attached to the unit values of the different
objective functions. This optimization method combines two conflicting
objectives into a single fitness function. The result of this approach is the single
best solution of optimization.

A single-objective problem is defined, which seeks to minimize the
magnetic flux density and electric field strength. The methods used to calculate
magnetic flux density and electric field strength are briefly described in
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Section 2. Both objective functions are considered to be equally important and
normalized by rating coefficients (limit values of magnetic flux density and
electric field strength). The single-objective optimization function is formulated

as [9]:
fB,E(y’ zr(PMc:eMc):[B(y’ z’(pMC)] +(E(ya z)eMC)\] , (23)

2B, 2E,

subjectto: g, (¥,2)<0; m=1,2,---, M ;

(L) ) (L) ). —
Yo' <y, <y, z,<z,<z,7; n=12,-,N,

n

where:

¥, z — the decision variable vectors (heights of conductor attachment point

and conductor distance orthogonally to the line direction,
respectively);

@9, —matrices of current and voltage phase shift vectors samples,
respectively;

B,, E, —the magnetic flux density and electric field strength limit values,
respectively;

g, (¥, 2) —the inequality constraints;
M — the number of inequality constraints;
iy 2 29— Jower and upper limits of decision variables;
N — the number of all conductors.
The inequality constraints g, (y,z) are defined to satisfy the predefined
values of [5]:

— The minimum distance between phase conductors C,,, and the minimum

distance between phase conductor and object at the earth potential C,; ;
— The minimal earth-wire conductor height A, subject to satisfy the

shielding angle.
The minimum distance C, and C,, are, respectively [9]:
C,=kJf.+l, +KD,, (24)
C,=kyf.+l, +K.D,, (25)

where:

k —the factor depending on relative position of two conductors and the
swing angle of conductor caused by wind,
/. —the sag of conductor, in [m];

[, —the length of insulator set swinging orthogonally to the line direction,
in [m];
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K, — the reduction factor for electrical clearances,

D,,,D, —minimum air clearances between phase conductors, and phase

conductor and object at earth potential, respectively.

Minimum air clearances are established based on lightning, switching surge
or power frequency considerations. The details of the calculation of the
minimum distances and minimum air clearances are given in [5, 10—12].

In order to examine maximum exposure-scenario of magnetic flux density
and electric field strength, the maximum value of phase current and maximum
sag of conductor are adopted. Also, the phase shifts of phase currents and
voltage are treated as random variables uniformly distributed inside the interval:
Prin <O<0,,. and 0, <0<0__,respectively [13].

max

In this paper hybrid Monte Carlo simulations/GA based minimization
procedure can be implemented to minimize value of EMF strengths. GA is used
to minimize the single-objective optimization function f; (¥, z, ®,,0,,.) and

identify the best position of the conductors. To figure out maximum value of
magnetic flux density and electric field strength for the worst-case phase shift
scenario, Monte Carlo simulations are introduced into each GA steps. For each
position of conductors (y,z) generated by GA, Monte Carlo simulations

generates random phase shift vectors and identifies maximum value of magnetic
induction and electric field across all observation points i:

B(y, z,(pMC)zn}z%x{Bi(y, 29} [=12,,L, (26)
E(p.2.0,c)=max{E(y,2,0)}; [=12,-,L, (27)

where L independent random samples of phase shift vectors ¢, and ©,of
length K (see egs. (10) and (21)) can be written in the matrix form:

Py Py Oy
Cuc = P = Pu = O :[(Pl @ (PL]’ (28)

P10 OPxr o Ppy |
eMC:[el e 0 eL]‘ (29)

It is to be observed that to repeat Monte Carlo simulations with same
conditions into each GA steps we use identical collection of random phase shift
vectors @, and 0,,.. The proposed iterative scheme for determining optimal

arrangements of independent OHPLs is shown as flow-chart in Fig. 2.
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Generating random initial GA population
(Position of conductors (y, z))
v
Modeling the sagged conductors

v
I Set number L of phase shift vectors ¢, I
v

Randomly generate matrix @,

©  Randornly goneraic i 0,
| Randomly generate matrix O, I
________ y—————— ==
Set number N P of observation points i
k2

Inequality constraints g,, (¥, 7)

]
A 2 k 4
Electric field strength objective Magnetic field strength objective

E(y9 ) 0M5)=maX{E,'(.V» z: 0[)} B(y’ z’(pMC):nllax{Bi(y’ z’ (pl)}
l,i N

Single-objective optimization
min{ £, (9. 2 @y Oy}
Y, 2

Adjusting position
of conductors

Is the GA stopping
criteria satistied?

Optimal solutions

Fig. 2 — Flow chart of the proposed iterative scheme for
determining optimal arrangements of independent OHPLs.

Randomly generated matrix of phase shift vectors 0,,..(denoted as dashed
lines box in Fig.2) is used only specifically when the power line is equipped
with a phase shifting transformer (PST). PSTs, also known as phase angle
regulators or quadrature boosters, are special transformers used to control power
flows in transmission networks creating a phase shift between the beginning and
the ending terminals of the power line [14]. For transmission line without PST,
randomly generated matrix of phase shift vectors 0,,. is reduced into null

vector.

The GA convergence criterion is that there are not changes in decision
variables (position of conductors) of single-objective optimization function (see
(23)) in two subsequent GA generations.
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4 Numerical Results

The proposed method for determining optimal arrangements of independent
OHPLs is applied to two different configurations:

— One double-circuit and one single-circuit parallel 400 kV OHPLs;

— Two double-circuit parallel 400 kV OHPLs.

Optimal arrangements of independent OHPLs for the configurations

proposed above are analyzed under the two different scenarios:

— OHPLs carry electric power from generating plants to the substations
operated at a high ratio of real power to the reactive power, with power
factor higher than 0.8 lagging (phase shifts of phase current are
uniformly distributed inside the interval: 0° <@ <36.86° ), denoted as
Scenario 1;

— Real power and reactive power of independent OHPLs may flow in both
directions and the phase-shift angle can vary over the whole theoretical
range: 0°<@<360° [4, 15], denoted as Scenario 2.

It is to be observed that all OHPLs used in Electric Power Industry of

Serbia Company are not equipped with a PST, thus the phase shift vector 0,,.

is reduced to null vector for the both scenarios proposed.

4.1 One double-circuit and one single-circuit
parallel 400 kV overhead power lines

In the analyzed test example, three terns, one double-circuit OHPL with a
single earth-wire and single-circuit horizontal 400 kV OHPL with two earth-
wires are presented. The distance between the axis of the first and second OHPL
is 30 m (denoted as vertical dashed lines in Figs. 4 and 5). The data of OHPLs
are given in Table 1. The influence of five identical spans with equal heights of
the beginning and ending points is observed. Each span of the sagged
subconductor is approximated with six straight segments.

Table 1
Data of 400 kV double-circuit and single-circuit OHPL.

Span length [m] 300
Number of subconductors in the bundle 2
Diameter of subconductors [mm)] 30.6
Distance between subconductors [cm] 40
Subconductors sag [m] 7.0
Diameter of earth-wire [mm] 9.0
Earth-wire sag [m] 35

Phase current [A] 1500
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Magnetic flux density and electric field strength are calculated at the mid
span along the lateral profile, 1 m above the ground and optimum phase
conductor succession ( ,,b,,¢,, ¢,,b,,4,, for double-circuit OHPL and a,b,c, for

single-circuit OHPL) for EMF strengths minimization [16].

The genetic search is performed with a population size of 60 members, the
crossover and mutation rates being 0.8 and 0.01, respectively. The values of GA
parameters, which represent the trade-off between the desired solution
efficiency and their predictive accuracy, were determined upon several
experiments. The adopted limit values B, =40 uT and E, =2kV/m represent

the maximum national quantitative limits of exposure of the general public to
electromagnetic fields in Republic of Serbia [3].

Given the symmetrical arrangements of phase conductors in our test
example (one double-circuit power line with one earth-wire, and single-circuit
horizontal power line with two earth-wire), the position of conductors are
defined with eleven decision variables grouped into two decision variable
vectors:

Y=V Ve Yoo Yy Ve Jew |

L= [Zalz Zblz Zflz Zaz Zewzl :'

The calculated phase-to-phase minimum distance is C,, =7 m, whereas

(29)

the minimum distance of conductor to the tower body is C,, =3.55m [5]. The
minimal heights of earth-wire conductors are calculated to provide a shield
angle of 30° which is defined by the standard.

In order to investigate the uncertainty impact on the proposed optimization
GA algorithm, in Monte Carlo simulations the phase shifts of two terns (¢, and
¢, ) are varied and analyzed in four characteristic numbers of L independent
random samples of phase shift vectors @, , i.e. 100, 1000, 5000 and 10000. The

proposed sensitivity analysis is used to determine whether or not the model
responds in the expected way to the changes of numbers of L independent
samples.

The results of the optimization are compared with the initial conductor
arrangements (existing, unoptimized lines). The initial and optimized conductor
arrangements of one double-circuit and one single-circuit parallel 400 kV
OHPLs are shown in Fig. 3 for both cases analyzed. One tern of double-circuit
power line (a,,b,,c,, ) is omitted from Fig. 3 because of the conductor symmetry.

Also, one symbol in Fig. 3 represents the center of the bundle.
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a) Scenario 1 b) Scenario 2

Fig. 3 — Initial and optimized conductor arrangements of one single-circuit and one
double-circuit parallel 400 kV OHPLs, for both analyzed scenarios.

Fig. 3 shows that the optimization of the conductor arrangements
significantly reduces size of the tower.

The influence of phase shift on magnetic field of the existing line is

examined in two cases:

— Maximum value of magnetic flux density is determined when phase shift
of all terns is of the same value. We assign 0° value, denoted as Initial
arrangement - neglected phase shift case;

— Maximum value of magnetic flux density is determined for the worst-
case phase shift scenario using Monte Carlo simulation (see (26)),
denoted as Initial arrangement - included phase shift case.

Figs. 4 and 5 show the comparison between the lateral magnetic flux
density and electric field strength profiles under one double-circuit and one
single-circuit parallel 400 kV OHPLs at the mid span calculated for initial and
optimized conductor arrangements.

45 ' ' ' 45

......

320y e Optimum for 100 samples -+ Optimum for 100 samples
Optimum for 1000 samples 10 e ' Optimum for 1000 samples

----- Optimum for 5000 samples g ! -==== Optimum for 5000 samples
Optimum for 10000 samples ! Optimum for 10000 samples

=== Initial arrangement - included phase shift -+ Initial arrangement - included phase shift

Initial arrangement - neglected phase shift Initial - neglected phase shift

% 0 0 10 20 30 40 s 30 -0 0 0 20 30 40 50
z[m] z[m]

a) Scenario 1 b) Scenario 2

Fig. 4 — The lateral magnetic flux density profiles under one double-circuit and one
single-circuit parallel 400 kV OHPLs at the mid span.
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a) Scenario 1 b) Scenario 2

Fig. 5 — The lateral electric field strength profiles under (a) one double-circuit and
(b) one single-circuit parallel 400 kV OHPLs at the mid span.

The obtained results of sensitivity analysis for two previously proposed
scenarios are shown in Table 2.

Table 2
Comparison between the initial and optimized
conductor arrangements, for both analyzed scenarios.

OPTIMIZED ARRANGEMENT  |INITIAL ARRANGEMENT

Numbers of phase shifts samples Included Neglected

Phase shift ¢, (°) 34.89 35.55 35.95 35.96 35.96 0
— |Phase shift @, (°) 5.83 1.08 0.98 0.78 8.20 0
.§ Maximum of magnetic
N . & 2424 | 2430 | 24.33 24.41 41.18 39.28
%’, flux density B, (LT)

Maximum of electric

field strength £,,,, (kV) 3.41 3.42 3.42 3.42 6.48

Phase shift ¢, (°) 198.04 | 184.76 | 181.41 | 177.84 213.84 0
« |Phase shift @, (°) 13.17 1.08 1.04 1.01 21.81 0
.§ Maximum of magnetic
N . & 26.34 | 26.55 26.58 | 26.60 44.92 39.28
%’, flux density B, (LT)

Maximum of electric

field strength £, (kV) 3.72 3.75 3.76 3.86 6.48

The results presenting in Fig. 4 and Table 2 show that phase shift has
significant influence on maximum value of magnetic flux density.
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The proposed optimization procedure reduces maximum of electric field
strength and magnetic flux density between 40% and 50% as compared to the
initial arrangement however maximum of electric field strength is still higher
than adopted limit value. An alternative way of reducing electric field strengths
is using higher OHPL tower or increasing the distance between OHPLs.
Additionally, the results of sensitivity analysis show that optimization procedure
with small sample size ( L =100 ) results in deviation of optimal arrangement of
conductors (shown in Fig. 3) and phase shift values, given in Table 2. This
deviation can be accounted for by the fact that a relatively small number of
samples are not enough to meet normal distribution.

It is to be observed that increasing the sample size from 100 to more than
1000 only reduces the deviation of optimal arrangement of conductors, phase
shift values, lateral magnetic flux density and electric field strength profiles, but
does not make any noticeable improvements in results for maximum value of
magnetic flux density and electric field strength.

4.2 Two double-circuit parallel 400 kV overhead power lines

The second test example deals with two identical double-circuit parallel
400 kV OHPLs with four independent terns. The parameters of OHPLs are set
to the same values as given in Section 4.1. Considering the symmetrical
arrangements of conductors for two identical double-circuit power lines, the
positions of conductors are defined using seven decision variables grouped into
two decision-variable vectors:

V=[Yu Vn Ve Ve |

= |:Za|z Zblz ZC|2 :|

Also, the genetic search is performed with the same GA parameters values
as given in Section 4.1.

(30)

However, when considering the worst-case phase shift scenario using
Monte Carlo simulation it is worth observing that the increase in the number of
terns results in the increase in the number of possible phase shift combinations.
Therefore, in the test system analyzed, the phase shifts of three terns (¢,, ¢,

and ¢,) are varied and the numbers of L independent samples of phase shift
vectors @, are increased (1000, 5000, 10000 and 20000).

Fig. 6 presents the existing and the optimized conductor arrangements.
Because of the symmetry only one tern of first double-circuit power line
(a,b,c,,) 1s showed in Fig. 6.
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a) Scenario 1 b) Scenario 2

Fig. 6 — Initial and optimized conductor arrangements of two double-circuit
parallel 400 kV OHPLs, for both analyzed scenarios.

The calculated magnetic flux density and electric field strength profiles are
shown in Figs. 7 and 8. Both are given for the existing and the optimized
conductor arrangements.

The obtained results in Fig. 7 confirm high influence of the phase shifts on
magnetic flux density. For the both proposed scenarios and Initial arrangement
- neglected phase shift case the maximum magnetic flux density is 17.73 uT,
while the corresponding values for Initial arrangement - included phase shift
case are 19.25 and 36.27 puT, respectively.

Additionally, the number of samples has a higher influence on optimization
results compared with the test example given in Section 4.1. If this number is
small, then lateral magnetic flux density and electric field strength profiles
deviants from the results found at 20000 samples (see Figs. 7 and 8).

a) Scenario 1 b) Scenario 2

Fig. 7 — Lateral magnetic flux density profiles under two double-circuit
parallel 400 kV OHPLs at the mid span.
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s Optimum for 1000 samples
Optimum for 5000 samples

----- Optimum for 10000 samples
Optimum for 20000 samples

— Initial arangement ’

Optimum for 1000 samples
Optimum for 5000 samples
Optimum for 10000 samples
Optimum for 20000 samples
Initial arrangement

a) Scenario 1 b) Scenario 2

Fig. 8 — Lateral electric field strength profiles under two double-circuit
parallel 400 kV OHPLs at the mid span.

5 Conclusion

The objective of this work is to propose methodology suitable for
minimizing maximum value of electric and magnetic field emissions near
independent overhead power lines. The proposed methodology explores the
search space of solutions using hybrid Monte Carlo simulations/GA based
minimization procedure to find the optimal placement of conductors.

Specifically, we showed how Monte Carlo approach can be useful for
considering uncertain phase shifts between independent power lines and
determining the worst-case scenario. Adequate numbers of phase shifts samples
were introduced to enhance the efficacy of the proposed optimization method.
The influence of phase shifts on optimal arrangements of independent overhead
power lines has been confirmed in all the cases analyzed.

The proposed optimization method was successfully validated as a suitable
approach for determining optimal arrangements of any conventional
independent overhead power lines aimed at decreasing electric and magnetic
field emissions.
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