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HIGH VOLTAGE POWER LINES MAGNETIC FIELD SYSTEM OF ACTIVE
SHIELDING WITH COMPENSATION COIL DIFFERENT SPATIAL ARRANGEMENT

Aim. The synthesis of single-circuit system of active shielding of magnetic field, generated by group of high voltage power lines,
with different spatial arrangement of shielding coil. Methodology. The synthesis is based on the decision of a multi-criteria
stochastic game, in which the vector payoff is calculated on the basis of the Maxwell equations solutions in the quasi-stationary
approximation. The game decision is based on the stochastic multiagent optimization algorithms by multiswarm particles. The
initial parameters for the synthesis of active shielding system are the location of the high voltage power lines with respect to the
shielding space, geometry and number of shielding coils, operating currents, as well as the size of the shielding space and
normative value magnetic flux density, which should be achieved as a result of shielding. The objective of the synthesis of the
active shielding system is to determine their number, configuration, spatial arrangement, wiring diagrams and shielding coils
currents, setting algorithm of the control systems as well as the resulting of the magnetic flux density value at the points of the
shielding space. Results. Three variant of single-circuit robust system of active shielding with different spatial arrangement of
shielding coil synthesis results for reduction of a magnetic field generated by group of high voltage power lines is given. The
possibility of a significant reduction in the level of magnetic flux density of the magnetic field source within and reducing the
sensitivity of the system to uncertainty of the plant parameters is given. Originality. For the first time carried out the synthesis,
theoretical and experimental research of the robust system of active shielding of magnetic field generated by group of high
voltage power lines with different spatial arrangement of compensation coil. Practical value. Practical recommendations from the
point of view of the practical implementation on reasonable choice of the spatial arrangement of shielding coil of robust single-
circuit system of active shielding of the magnetic field generated by the group of high voltage power lines is given. References 49,
figures 9.

Key words: high voltage power lines, power frequency magnetic field, robust system of active shielding, multi-criteria
stochastic game.

Ilenv. Cunmes 00OHOKOHMYPHOU POOACHMHOL CUCHIEMbl AKMUEHO20 IKPAHUPOCAHUA MAZHUMHO20 NOJIA, CO30A6AeMO020 ZPYRNoil
6bICOKOBOILMHBIX JTUHUIL INNEKMPOonepeoasu, ¢ pasiuiHblM HPOCMPAHCIMEEHHBIM PACRON0HCEHUEM IKPAHUPYIOUell 00MOMKU.
Memooonozua. Cunmes OCHO8AH HA peUwleHUU MHOOKPUMEPUANLHOI CMOXACMUYECKOU UZPbl, 6 KOMOpPOl 6eKmOpPHbLl
GbIUZPBILUL GBIYUCTACMCA HA OCHOGAHUU peuleHUll ypasHenuii Maxceéenna é KeazucmayuonapHom npudnuscenuu. Pewenue
uzpyl HAX0O0UMCA HA OCHOBE GJIZOPUMMOE CHIOXACMUYECKOU MYIbMUAZEHMHOI ONMUMUAUUN MYIbIMUPOEM YaCHmuy.
Hcexoonvimu napamempamu O CUHME3A CUCHIEMbL AKIMUBHO20 IKPAHUPOSAHUA AGNAIOMCA PACNON0NHCEHUE 6bICOKOEOIbIMHBIX
JIUHUIL I1eKmpPonepeoas no OMHOWEHUIO K 3auuiaemMomy npoCmpancmey, 2e0mempudecKue pazmepol, KOAu4ecneo npoeodos
u padouue moxKu JUHUU IIEKMPONEPeoayu, a makxice paamepvl IKPAHUPYEMO20 RPOCMPAHCMEA U HOPMAMUGHOE 3HAYEHUe
UHOYKUUU MAZHUMHO20 NOAA, KOMOPOe 00IHCHO Oblnb 00CMUZHYMO 6 pe3ynvinane IKpanupoganus. Llenvio cunmesa cucmemut
AKMUGHO20 IKPAHUPOBAHUA AGNIACMICA OnpedeeHue KOau4ecmea, KOHpuzypayuu, npocmpancneenHoz0 pacnonoiHcenus, cxem
INEKMPORUMAHUA U  MOKO8 IKPAHUpPYIOWjell O00MOMOK, an20pumma padomvl CUCMEMbl YRPAGNEHUA, a4 MAKHce
pe3yrvmupyrouiezo 3naveHus UHOYKUUOHHOZ0 MAZHUMHO20 HOIA 6 MOYKAX IKPAHUPYeMozo npocmpancmed. Pezynvmamut.
Ilpueooameca pezynvmamol mpex 6apuUAHmMOE CUHME3A 0OHOKOHMYPHOI POOACMHOI cUCHEMbl AKMUBHO20 IKPAHUPOBAHUA C
PA3IUYHBIM  RPOCMPAHCMEEHHBIM PACNHOJIONCEHUEM IKPAHUPYIOWEH O00MOMKU ONA  YMEHbUIEHUA MAZHUMHO20 NOAA,
€030a6aeM020 2pynnoil 6blCOKO60IbMHLIX JNunuil nexkmponepedauu. Ilokazana 603mMoxucHOCIMbL CyuecmeeHH020 CHUNCEHUSA
YPOGHA UHOYKUUU UCXOOHO20 MAZHUMHO20 NOJA GHYMPU IKPAHUPYEMO20 NPOCMPAHCMEA U CHUNCEHUA YYECMEUMETbHOCHU
cucmempl K HeonpeodeieHHocmu napamempoé cucmemol. Opucunanvrocmy. Bnepgvie nposedenvr cunmes, meopemuueckue u
IKCnepuUMeHmanvHyle UCCAe006aHUA 0OHOKOHMYPHOU POOACMHON CUCMEMbl AKMUBHO20 IKPAHUPOSAHUA MAZHUMHOZ0 NOJIA,
€030a6aeMbIX ZDYNNOIl  8bICOKOGONLIMHLIMU JUHUAMU JNleKmponepeoay 6 oodnacmu IKPAHUPYEMO20 RPOCMPAHCIMEA, C
PA3IUYHBIM  RPOCIMPAHCIMBEHHBIM DPACNOI0MCceHUeM IKpanupyioujeii oomomku. Ilpakmuueckan wyennocms. Ilpueodamcsa
npaxkmuyecKkue peKoOmMeHOauuu no 000CHOGAHHOMY 6blOOPY ¢ MOUKU 3PEHUA NPAKMUYECKOU Peanu3ayuu npocmpancmeeHHozo
PACnoodceHua IKPAHuUpyrouiell 00MomKu 0OHOKOHMYPHOU poOACMHON CUCHEMbl AKMUEHO20 IKPAHUPOSAHUA MAZHUMHO20
noJA, C030a6aeM020 ZPYRNOIL 8bICOKOBOTbHHBIX NUHUIL I1eKmponepeday. bubin. 49, puc. 9.

Kniouesvie crosa: BBHICOKOBOJBTHBIE JHHUHU JJIEKTpPONepedaydd, MAarHUTHOE ToJie NMPOMBINLIEHHOW 4YacTOTHI, poéacTHast
CHCTEMAa AKTHBHOI'0 YKPAHHPOBAHMS, MHOTOKPHTEPHAILHAS CTOXAaCTHYECKASI UTPAa.

Introduction. Active contour shielding of power
frequency magnetic field (MF) generated by high voltage
power lines (HVPL) [1-10] is the most acceptable and
economically feasible for ensuring the sanitary norms of
Ukraine in the power frequency MF [11, 12].Ukraine's
electricity networks are characterized by high density, and
especially near high-voltage power substations. There is
usually a group of overhead HVPL, in the immediate
vicinity of which can be located residential buildings. In
this case, the main uncertainty in the synthesis of systems
of active shielding (SAS) is the variation of the currents
of different power lines, which leads not only to a change

in the level of magnetic flux density, but also to a change
in the position of the space-time characteristics (STC) of
the MF in the shielding zone.

Most of the double-circuit HVPL, and groups of
HVPL generate MF, which has a slight polarization. The
STC of such MF has the form of a strongly elongated
ellipse [5] and, therefore, active shielding of such MF is
possible with the use of only single shielding coil (SC).
Such single-circuit SAS with single SC are most widely
used in world practice [2-6]. Naturally, that the realization
of SC can be performed by various ways.
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The methods of synthesis of SAS for MF, generate
by HVPL, was developed in [13-24]. The initial data for
the synthesis of the system is the parameters of the
transmission lines (working currents, geometry and
number of wires, location of the transmission lines
relative to the protected space) and the dimensions of the
protected space and the standard value of the magnetic
flux density, which should be achieved as a result of
shielding. In the process of synthesis, it is necessary to
determine the parameters of the SC (their number,
configuration, spatial arrangement, connection diagram),
currents and the resulting magnetic flux density.

The goal of this work is the synthesis of single-
circuit systems of active shielding of power frequency
magnetic field generated by group of high voltage power
lines with different spatial arrangement of the single
shielding coil.

Problem statement. In the synthesis of the ASS, the
mathematical model of the original MF is known
inaccurately [25]. In particular, currents in conductors that
have daily, weekly, seasonal variations are approximately
known which leads to a change of the STC position of the
original MF, generated by the power lines. The geometric
dimensions of the SC, the parameters of the regulators,
etc. are not accurately realized. Therefore, we introduce a
vector of uncertainty of the system parameters from their
nominal values o used in the synthesis of the system. The
problem of synthesizing a robust SAS is reduced to the
determination of such a vector of spatial arrangement and
geometric sizes of compensated windings, as well as
parameters of the regulator X and the uncertainty
parameters vector o, at which the maximum value of the
magnetic flux density at selected points P; of the
considered space P assumes a minimum value for
thevector of spatial arrangement and geometric sizes of
compensated windings, as well as parameters of the
regulator X but the maximum value for the uncertainty
parameters vector J, so that

X*:arg min maxmaxB(X,d,Pj). ()
XeX ded PieP

This technique corresponds to the standard approach
to the synthesis of robust systems for the worst-case [25],
when the uncertainty parameters vector o lead to the
greatest deterioration in the compensation of the initial
MF created by HVPL. The problem (1) can be formulated
in the form of the following multi-criteria game [16] with
vector payoff

B(x,5)=[B(x,5,R).B(X,5,P,)..B(X,5.P,)I , (2)

the components of which B(X,d,P;) are the magnetic flux
density in the m points P; of the space under
consideration. In this case, of course, it is necessary to
take into account the constraints on the control vector and
the state variables of the system, the uncertainty
parameters vector in the form of a vector inequality
G(X,6)< Gy - (3)
In the multi-criteria game (2), the first player is the
vector of spatial arrangement and geometric sizes of SC,
as well as parameters of the regulator X and its strategy is
the minimization of the vector payoff (2), and the second
player is a uncertainty parameters vector o and the

strategy of this player is maximization of the same vector
payoff [25-27].

Note that the components of the vector payoff (2)
are nonlinear functions of the vector of spatial
arrangement and geometric sizes of SC, as well as
parameters of the regulator X and uncertainty parameters
vector ¢ are calculated on the basis of the Maxwell
equations solutions in the quasi-stationary approximation
[28-36].

Solution algorithm. Consider the algorithm for
finding the solution of the game. To find the solution of
the multi-criterion game (9) from Pareto-optimal
solutions taking into account the binary preference
relations [37], we used an particle multi swarm
optimization (PSO) algorithm [38, 39], in which the
number of swarms are equal the number of components
m of the vector payoff (2).

In the standard particles swarm optimization
algorithm the particle velocities change is carried out
according to linear laws [37-47]. To increase the speed of
finding a global solution, special nonlinear algorithms of
stochastic multi-agent optimization recently proposed in
[48], in which the motion of i particle of j swarm is
described by the following expressions

Vl](t + l)= leVl-j(t)‘f‘ C]li"]](t)*
...*H(plij(t)—gli»(t){y,-j(t)—... )

ey O )y )
u,-j(t-i-l)zwzjulj(t)+03jr3j(t)H*...
o3y O -3 Oz (-5, .. )
oot eq iy (OH pag (6) = €4 (¢))*
08,0}
x,-j(t+1):x,-j(t)+ vl»j(t+1);
Sy (t+1)= 8, () + uy (£ +1),

where x;(¢), (1), and vi(f), u;(f) are the position and
velocity of i particle of j swarm.

Note that in connection with the fact that the vector
game solutions (9) is represented in the form of strategies
of two players X — the vector of the parameters of the
regulators and the J — the uncertainty parameters vector,
where it is necessary to minimize the vector payoff (9)
along the regulators parameter vector X and maximize the
same vector payoff (9) with respect to the uncertainty
parameters vector o. Therefore, each i particles of j swarm
has two components of position x;(f), d(f) and two
components of velocity v;(?), u;(¢) to find the two desired
components of the regulators parameters vector X and
uncertainty parameters vector o.

In (4)(6) yi(?), z;(¢) and y,'(£), z;'(£) — the best local
and global positions of the i-th particle, found
respectively by only one i-th particle and all the particles
of j swarm.

Moreover, the best local position y;(f) and the global
position yj*(t) of the i particle of j swarm are understood
in the sense of the first player strategy x;(f) for minimum
of component B(X,0,P;) of the vector payoff (9).
However, the best local position z(#) and the global

(6)
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position sz of the i particle of j swarm are understood in
the sense of the second player strategy 0;(7) for maximum
of the same component B(X,0,P;) of the vector payoff (2).
This approach corresponds to the movement of particles
along the gradient and antigradient when using
deterministic game-solving algorithms.

Four independent random numbers 7,(£), 72/(), r3/(%),
rg(Hare in the range of [0, 1], which determine the
stochastic particle velocity components.

Positive constants ¢y, ¢, determine the cognitive and
social weights of the particle velocity components.

Note that this PSO algorithm is a fairly simple
optimization algorithm. This algorithm does not require
finding partial derivatives — a gradient vector, second
order partial derivatives — a Hess matrix, a gradient
projection matrix for constraints —Rosen matrix, an
inversion of the Hess matrix, and so on. However, despite
its simplicity, with the help of this algorithm it is possible
to solve quite complex optimization problems in various
fields. The success of the use of this algorithm, to a large
extent, is determined by the justified choice of the tuning
parameters of this algorithm. Let us consider in more
detail the informed choice of the tuning parameters of this
algorithm for solving the considered problem.

The peculiarity of the solution of this game is that
the first player vector strategy components x;(f) are the
SC geometric dimensions, which measured in meters, and
the open loop control regulators parameters — the phases
of SC currents i, which measured in radians, SC ampere
turns, which measured in ampere turns , and closed-loop
control  regulators  gains, which measured in
dimensionless quantities. Therefore, the values of these
constants cyj, ¢,; and cs;, c4; are chosen taking into account
the range of possible players strategies X and J.

The peculiarity of the solution of this problem also is
the presence of «ravines» and «edges» in the vector
payoff (9). This is due, firstly, to the fact that the values
of the components of the players' strategies X and & differ
by more than an order of magnitude. Second, the change
of some components of the players' strategies, in
particular, the closed loops control regulators gains, leads
to insignificant changes in the vector game payoff (2).
Therefore, to improved the global solution finding speed
with small increments changes in the payoff (2) for
players' strategies x;(#), J(f) a nonlinear Cuckoo search
algorithm of stochastic multi-agent optimization [48] used
in (4) — (6).

The Heaviside function H is used as a switching
function of the motion of a particle, respectively, to the
local y(f), z;(f) and global y/*(t), z,-*(t) optimum.

Switching parameters of the cognitive py;, ps;; and
social py;, pa;j components of the particle velocity to the
local and global optimum taken in the form of increments
changes in the payoff (9) for players' strategies x;(t), 9(t)
when moving to local and global optimum respectively.

Random numbers &,(f), &i(f), &i;(H) and &(?)
determine the switching parameters of the particle motion,
respectively, to local and global optima. If p;; < &;(¢) and
D2y < &;(t), then the movement speed component v () of
this i particle of j the swarm at the step ¢ does not change

and the particle moves in the same direction as at the
previous optimization step.

Similarly if p3; < &;(f) and py; < &), then the
movement speed component u;(¢) of i particle of j the
swarm at the step ¢ also does not change.

To improve the quality of the solution finding process,
the inertia coefficients wy;, wy; are used in the range of
(0.5-0.9).

As constraints (3) in this problem, first of all, we took
into account the constraints on the SC spatial
arrangement, which are first player vector strategy
components x;(f). These limitations are due to the
technical possibilities of the SC implementation. In
addition, the closed loops control regulators gains, which
are also first player vector strategy components x;(¢). In
addition, restrictions were set on the maximum particle
velocities vi(¢), u;(f) based on the desired accuracy of
obtaining the corresponding components of the vector
game solution (2) as well as to improve the game solution
convergence.

To find a global solution of the original multiobjective
game (2) in the search for optimal solutions to local
games, individual swarms exchange information among
themselves. In this case, to calculate the velocity of the
particles in one swarm, information on the global
optimum obtained by the particles of the other swarm is
used, which makes it possible to isolate all potential
Pareto optimal solutions.

For this purpose, at each step ¢ of the movement of
particle i, of swarm j uses the binary preferences functions
of local solutions obtained by all swarms. The solution
X/(/) obtained in the course of solving the game
B(X(?),?),P;) with the help of swarm j is preferable to the
solution X; (7) obtained during optimization of the game
B(X(?),P)) with the help of swarm £ if the condition

zllaxB(P,-,X;(t),S(t))< EllaxB( ,-,...X,f(t),é(t)) (7

is satisfied.

In this case, as the global optimal solution X; () of
swarm k, the global solution Xj*(t) obtained by the swarm
j is used, which is more preferable with respect to the
global solution X (¢) obtained by swarm k on the basis of
the preference relation (7).

In fact with this approach the basic idea of the
method of successive narrowing of the field of
compromise problems is realized: from the initial set of
possible solutions, based on information about the relative
importance of local solutions, all Pareto-optimal solutions
that can not be selected according to the available
information on the relation pre-reverence. Removal is
carried out until a globally optimal solution is obtained.
As a result of applying this approach, no potentially
optimal solution will be removed at each step of the
contraction.

In conclusion, we note that the original
multiobjective game (2) — (3), taking into account the
algorithm for its solution (4) — (6), is a multi-criteria
stochastic dynamic game, since it clearly has time and
random search [27].

Computer simulation results. Consider the result
of synthesis of robust SAS of MF generated by group of
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HVPL. This situation is typical for the outskirts of cities,
where several power lines are suitable, as well as near
power line substations. Figure 1 shows the location of a
group of HVPL generating MF, the magnetic flux density
of which must be reduced in the shielding zone. In the
immediate vicinity of the shielding zone there are two
double-circuit 110 kJ HVPL, a double-circuit 330 kV
HVPL and a single-circuit 330 k)" HVPL.

K4

Fig. 1. Location of a group of high voltage power lines

For the synthesis of SAS, in addition to the
geometric dimensions of the transmission lines and the
shielding zone, the values of the currents in the bus of the
all HVPL are necessary. To this, first, experimental
studies of the level of the magnetic field both in the
shielding zone and near the transmission lines were
carried out. Based on the obtained experimental data, the
problem of current identification in current conductors of
the power line is solved, under which the sum of the
squares of the errors of the measured and model — them
magnetic flux density values at given points is minimized.

First, we will look the results of the SAS initial MF
in a two-story cottage located at 20 m distance from the
HVPL. On the basis of experimental research, it was
found that in the shielding zone, the MF generated by
group of HVPL has the STC of such MF is a strongly
elongated ellipse and, consequently, the initial MF has a
negligible polarization. Active screening of such MF is
possible with the use of single SC. It should be noted that
such systems have become most widespread in the world
practice [2]. Based on the model of MF created by group
of HVPL, the problem of synthesis of a robust SAS was
solved. The SAS contains single SC which is square
shape. The upper branch of SC is coordinates (1.0, 10.0),
and the lower branch is coordinates (10.0, 1.3).

In Fig. 2,a shows the isolines of the resultant
magnetic flux density with the SAS is on. As can be seen
from Fig. 2,a, the minimum magnetic flux density value
in the shielding zone is 0.2 puT. The initial MF generated
by the HVPL group in the shielding zone exceeds the
level of 2.0 uT and, therefore, the maximum shielding
factor of the SAS is more than 10. When the active
shielding system is on, as can be seen from Fig. 2,a, the
magnetic flux density level in the residential space under
consideration does not exceed 0.5 uT.

Figure 2,b shows the STC of MF, created by: group
of HVPL (1); SC (2) and total MF with the SAS is on (3).

The STC of the initial MF is ellipse, which confirms
the weak polarization of the initial MF. MF STC of SC is a
straight line and, consequently, the SC generates unpolarized
MF. Naturally, the initial MF with such STC can be

effectively compensated for using a single-loop ASS with
single SC. Wherein the big axis of the STS ellipse of the
initial MF is compensated, so that the STS of the total MF
with the SAS is on is an ellipse with an ellipse coefficient
0.8. The STC of the resultant MF is an ellipses of a
significantly smaller area compared to the ellipse of the STC
of the initial MF, which is due to the initial MF
compensation with the help of the SAS.

When implementing the SAS, for mounting such a
SC at a height of 10 meters, appropriate supports are
necessary, which requires fairly large material costs.

Let us now consider the results of the synthesis of a
MF SAS in a single-story building located at a distance of
7 m from HVPL. During SAS synthesis of different
variants of the SC spatial arrangement were considered.
Three variants of SC spatial arrangement were chosen
which are the greatest interest from the point of view of
the practical implementation of SC. Let us consider in
more detail these three variants. In all these three variants
SC are square shape. In the variant a) the upper branch of
SC is coordinates (4.9, 4.2), and the lower branch is
coordinates (4.9, 3.0).

BT

B,|,uT
b

Fig. 2. Isolines of resultant magnetic flux density with the active
screening system is on (@) and space-time characteristics of
magnetic field: initial (1), shielding coil (2) and resultant
magnetic field with the system of active shielding is on (3) (b)
in a two-story cottage

Fig. 3,a shows the isolines of the resultant magnetic
flux density with the SAS is on in the variant (a). As can
be seen from Fig. 3,4, the minimum magnetic flux density
value in the screening zone is 0.2 pT. The initial MF
generated by the HVPL group in the shielding zone
exceeds the level of 1 uT and, therefore, the maximum
shielding factor of the ASS equals 5.
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In Fig. 3,b shows STC of MF, generated by: 1 — group
of overhead HVPL (1); SC (2) and total MF with the SAS is
on (3) at the point with the coordinates (8.0, 1.0).

BL.uT
4

By T

0
B,.uT
b

Fig. 3. Isolines of resultant magnetic flux density with the

system of active screening is on (a) and space-time
characteristics of magnetic field: initial (1), shielding coil (2)
and resultant magnetic field with the system of active shielding
is on (3) (b) in a single-story cottage

Let us consider the results of the synthesis of a MF
SAS in a single-story building located at a same distance
of 7 m from HVPL for the variant (). The upper branch
of SC is coordinates (5.0, 0.6), and the lower branch is
coordinates (2.0, 0.0).

Fig. 4,a shows the isolines of the resultant magnetic
flux density with the SAS is on in the variant (). As can
be seen from Fig. 4,a, the minimum magnetic flux density
value in the screening zone also as for variant (@) is 0.2
puT and, therefore, the maximum shielding factor of the
ASS also as for variant (a) is 5.

In Fig. 4,b shows STC of MF, generated by: 1 —
group of overhead HVPL (1); SC (2) and total MF with
the SAS is on (3) at the point with the coordinates (8.0,
1.0) also as for variant (a).

Let us consider the results of the synthesis of a MF
SAS for the variant (c¢). The upper branch of SC is
coordinates (1.0, 3.0), and the lower branch is coordinates
(4.0, 1.5). Fig. 5,a shows the isolines of the resultant
magnetic flux density with the SAS is on in the variant
(c). As can be seen from Fig. 5,a, the minimum magnetic
flux density value in the screening zone also as for variant
(a) and variant (b) is 0.2 puT and, therefore, the shielding
factor maximum of the SAS also as for variant (a) and
variant (b) is 5. In Fig. 4,b shows STC of MF, created by:
1 — group of overhead HVPL (1); SC (2) and total MF
with the SAS is on (3) at the point with the coordinates
(8.0, 1.0) also as for variant (a) and variant (b).

BT

B,..uT
b
Fig. 4. Isolines of resultant magnetic flux density with the active
shielding system is on (a) and space-time characteristics of
magnetic field: initial (1), shielding coil (2) and resultant
magnetic flux density with the systems of active shielding is on
(3) (b) in a single-story cottage

By 7"

Fig. 5. Isolines of resultant magnetic flux density with the active
shielding system is on (a) and space-time characteristics of
magnetic flux density: initial (1), shielding coil (2) and resultant
magnetic flux density with the systems of active shielding is on
(3) (b) in a single-story cottage
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Despite the fact that in all three variants the minimum
magnetic flux density value in the screening zone also is
0.2 uT, however, in variant (@), the magnetic flux density
does not exceed the level of sanitary norms of 0.5 uT in a
zone of 6 m up to 15 m., and in the variant (b) and (c), this
shielding zone decreases to 89 m. Thus, from the point of
view of providing the greatest shielding zone of the MF,
the most preferable is variant (a). And from the point of
view of the simplicity of SC implementing, the most
preferable, apparently, is variant (b).

Naturally, the STC of the initial MF at this point has
the same form (curve 1). However, the position of the STC
MF of SC and the resultant MF for the three options
considered are somewhat different. In particular, the initial
MF at the point under consideration is most strongly shielded
in variant (@).

Experimental research. Consider the field
experimental research of the full scale SAS layout with
three variants of SC spatial arrangement. All SC of the
full scale SAS layout is a square shape, contains 20 winds
and is powered by amplifier type TDA7294. The SAS
contains an external Magnetic Flux Density controller and
an internal current controller. An inductive sensor is used
as an Magnetic Flux Density sensor, and the MF
measurement is  performed by EMF-828 type
magnetometer of the Lutron firm [49]. The SAS is
powered by an autonomous source.

Figure 6,a shows a picture of the position of SC of
SAS for the variant (a). The upper branch of SC is located
at a height of 4.0 m from the ground, and the lower branch
is located at a height of 2.6 m from the ground. Fig. 6,a
shows the experimental isolines of the resultant magnetic
flux density with the SAS is on in the variant (@). As can be
seen from Fig. 6,a, the minimum magnetic flux density
experimental value in the screening zone is 0.2 pT. The
initial MF generated by the HVPL group in the shielding
zone exceeds the level of 1 puT and, therefore, the
maximum experimental shielding factor of the SAS is 5.

Figure 7,a shows a picture of the spatial arrangement
of SC of SAS for the variant (b). The upper branch of SC
is located at a height of 0.5 m from the ground, and the
lower branch is located at and the lower branch is located
on the ground.

Figure 7,b shows the experimental isolines of the
resultant magnetic flux density with the SAS is on in the
variant (a). As can be seen from Fig. 7,b, the minimum
magnetic flux density experimental value in the screening
zone also as for variant (a) is 0.2 pT, and, therefore, the
maximum experimental shielding factor of the SAS for
the variant (b) also as for variant (a) equals 5.

Figure 8,a shows a picture of the spatial arrangement
of SC of SAS for the variant (c). The upper branch of SC
is located at a height of 3.0 m from the ground, and the
lower branch is located at a height of 1.5 m from the
ground. Fig. 8,b shows the experimental isolines of the
resultant magnetic flux density with the ASS is on in the
variant (c). As can be seen from Fig. 8,b, the minimum
magnetic flux density experimental value in the screening
zone also as for variant (a) and for variant (b) is 0.2 uT,
and, therefore, the maximum experimental efficiency of
the SAS for the variant (c) also as for variant (a) and for
variant (b) is 5.

Fig. 6. Picture of the shielding coil (a) and the experimental
isolines of the resultant magnetic flux density with the systems
of active shielding is on (b)

Fig. 7. Picture of the shielding coil () and the experimental
isolines of the resultant magnetic flux density with the systems
of active shielding is on (b)
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Fig. 8. Picture of the shielding coil (a) and the experimental
isolines of the resultant magnetic flux density with the systems
of active shielding is on (b)

A comparison of the results of the MF distribution of
the synthesized ASS which shown in Fig. 3.a, Fig. 5,a
with the experimental distributions of the SAS, which
shown in Fig. 6,b, showed that they differ by not more
than 20 %.

In conclusion, we note that, of course, it would be
tempting not to solve the rather difficult task of
synthesizing the SAS in the form of a multi-criteria game
(2), but to immediately place the SC in a convenient
place, in terms of simplicity of practical implementation,
and experimentally adjust the SAS controls. The authors
have tried to implement this option SAS, whose spatial
location of SC was intuitively chosen. The upper branch
of SC has coordinates (4.9, 4.2), and the lower branch has
coordinates (6.9, 0.0). A spatial arrangement of such SC
is shown in Fig. 9. The upper branch SC is located at a
height of 4.2 m from the ground, and the lower branch is
located at ground level.

S
AL g

Fig. 9. Picture of the shielding coil, the spatial arrangement of
which were chosen without system synthesis

However, with this SC, it was not possible to adjust
the SAS regulators with the desired efficiency. Then they

changed the position of the lower branch of the SC, so
that the coordinates of which were equal (4.9, 0.0), (2.9,
0.0) and (4.9, 1.0). However, it is also not possible to
obtain a demand for efficiency with such a spatial
arrangement of SC. Then the SAS was synthesized, the
spatial position of the SC was determined, and the upper
branch of the SC was set at a height of 3 m, which
corresponds to variant (a). The spatial arrangement of
such a SC is shown in Fig. 6,a. With this SC it was
possible to get the shielding factor of the SAS more than
five units.

In conclusion, we note that using single-circuit SAS
containing single SC can effectively screen a MF with a
small polarization. The STC of such MF is a very
elongated ellipse whose ellipse coefficient (ratio of the
smaller semiaxis to the larger half-axis) is seeks to zero.
SC of single-circuit SAS generates MF, whose STC is a
straight line. With such a single-circuit SAS with single
SC, the major axis of the STS ellipse of the initial MF is
compensated, so that the STS of the total MF with ASS is
on is significantly smaller than the STS of the initial MF,
which determines the high efficiency of such single-
circuit SAS. Single-circuit power lines with horizontal
and vertical bus arrangement, double-circuit power lines
such as «barrely, «tree» and «inverted tree» generate a
MF with a weak polarization. Exactly for such power
lines, single-circuit SAS with single SC is most widely
used in world practice [2].

The most polarized MF generated by a single-circuit
power line with «triangle» type current conductors
arrangement. The STC of such a MF is practically a
circle. Therefore, for effective screening of such MF it is
necessary to have two SC at least [5].

Conclusions.

1. For the first time the synthesis of robust single-
circuit systems of active shielding of magnetic field,
generated by group of high voltage power lines, with
different spatial arrangement of the single shielding coil
carried out.

2. The synthesis of robust systems of active shielding
is based on multi-criteria game decision, which is based
on multiswarm stochastic multi-agent optimization from
Pareto-optimal solutions.

3.As a result of the synthesis of a single-circuit
systems of active shielding, three variants of the spatial
arrangement of the shielding coil were selected, which are
of the greatest interest from the point of view of the
practical implementation.

4. Field experimental research of the effectiveness of
single-circuit systems of active shielding of magnetic
field generated by group of overhead high voltage power
lines for three variants of the spatial arrangement of the
shielding coil carried out. The shielding factor of system
of active shielding equals more than 4 units. Comparison
of the results of experimental and calculated values of
magnetic flux density in the shielding zone shows that
their spread does not exceed 20 %.

5. System reduce the level of the initial magnetic flux
density throughout the considered residential area up to
the Ukraine sanitary norms level and has less sensitivity
to plant parameters variations in comparison with the
known systems.
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