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The method for design of combined electromagnetic shield
for overhead power lines magnetic field

Aim. Development of the method of designing a combined electromagnetic shield, consisting of active and passive parts, to improve
the effectiveness of reduction of industrial frequency magnetic field created by two-circuit overhead power lines in residential
buildings. Methodology. The problem of design of combined electromagnetic shield including robust system of active shielding and
electromagnetic passive shield of initial magnetic field solved based on of the multi-criteria two-player antagonistic game. The game
payoff vector calculated based on the finite element calculations system COMSOL Muliphysics. The game solution calculated based
on the particles multiswarm optimization algorithms. During the design of combined electromagnetic shields spatial location
coordinates of shielding winding, the currents and phases in the shielding winding of active shielding, geometric dimensions and
thickness of the electromagnetic passive shield are calculated. Results. The results of theoretical and experimental studies of
combined electromagnetic passive and active shielding of magnetic field in residential building from power transmission line with a
«Barrely type arrangement of wires presented. Originality. For the first time the method of designing a combined electromagnetic
shield, consisting of active and passive parts, for more effective reduction of the magnetic field of industrial frequency created by
two-circuit overhead power lines in residential buildings is developed. Practical value. Based on results of calculated and
experimental study the shielding efficiency of the initial magnetic field determined that shielding factors whith only electromagnetic
passive shield is more 2 units, whith only active shield is more 4 units and with combined electromagnetic passive and active shield is
more 10 units. It is shown the possibility to reduce the level of magnetic field induction in residential building from power
transmission line with a «Barrely type arrangement of wires by means of a combined electromagnetic passive and active shielding
with single compensating winding to 0.5 uT level safe for the population. References 53, figures 15.

Key words: overhead power line, magnetic field, combined electromagnetic passive and active shielding, computer simulation,
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Mema. Pospobxa memody npoexmysanms KOMOIHOBAHO20 eNeKMPOMASHIMHO20 eKPAHy, Wo CKIA0AEmbCs 3 aKMUugHOi ma nacusHoi
uacmuH, Onsl NIOBUWEHHS eeKMUBHOCTI 3HUNCEHHA MASHIMHO20 MO NPOMUCTOB0T 4ACMOMU, CMBOPIOBAHO20 OB0IAHYIO208UMU
nosimpanumu  niniamMu  enekmponepedaui 6 ocumaogux  Oyounkax. Memoodonozia. 3adaua npoekmysamus KOMOIHO8AH020
eNeKMPOMASHIMHO20 €KPAHy, Wo 6KIIOYAE POOACHY CUCIEMY AKMUSHO20 eKPAMYBAHHS MA eleKMPOMASHIMHUL NACUGHUI eKpaH
BUXIOHO20 MAZHIMHO20 NOJIAL, BUPILLYEMBC HA OCHOBI 6A2amMOKPUMEPIanbHOT aHMAa2oHICMUYHOI 2pu 080X 2pasyie. Bexmop euzpawiie epu
PO3DAX0BYEMbCA HA OCHOBI KiHyego-enemenmmuoi cucmemu ooyuciens COMSOL Muliphysics. Piwenns epu pospaxogyemuvcsa Ha OCHOBI
aneopummie onmumizayii mMyrmupoie uacmunox. Ilpu npoexmyeaHHi KOMOIHOBAHUX eNeKMPOMASHIMHUX eKPAHI8 pPO3PAXO8YIOMbCA
KOOpOUHAMU po3MAauty8aHHsa eKpanyionoi 0OMomKu 8 npocmopi, cmpym i ¢paza 6 expanyiouii oomomyi pobacmuoi cucmemu aKmusHO20
eKpaHysants, ma ceoMempuiti posmipu i MoGuuUHA eleKmpoMazHimHo2o nacusHozo expawy. Pesynomamu. Hagedeno pesynomamu
MeopemuyHUX ma eKCnepUMeHmAIbHUX O0CTIONCeHb KOMOIHOBAHO20 eNeKMPOMASHIMHO20 NACUBHO20 MA AKMUBHO2O EKPAHYBAHHS
MACHIMHO20 RO 8 JHCUMAOBOMY OVOUHKY 610 080NAHYIO2080I NIHII elekmponepeday i3 posmauly8anHsIM NPOB00Ie Muny «OouKay.
Opucinansnicms. Bnepue po3pobnerno memoo npoekmyeants KOMOIHOBAHO20 eleKMPOMASHIMHO20 eKPAHY, WO CKIA0AEMbCsl 3 AKMUBHOT
ma nacugnoi uacmum, ONA NIOBUWEHHS eeKMUEHOCMI 3HUICEHHA MASHIMHO20 NONA  NPOMUCIOBOI HACHMOMU, CMEOPIOBAHO20
0801AHYI0208UMYU  NOGIMPAHUMU  JTTHIAMU enekmponepeoadi 6 ocumaosux Oyounkax. Ilpakmuuna uinwicme. 3a pesynomamamu
PO3PAXYHKOBUX MA eKCNepUMEHMANbHUX OO0CTIOJNCeHb eqheKmUBHICMb eKpamny8ants NoYamKo8o20 MASHIMHO20 NOS GUSHAYEHO, WO
KoeiyieHmu eKpaHy8amts cucmemu MinbKu 3 e1eKmpOMASHIMHUM NACUBHUM eKPAHOM OOpiBHIOE Oibue 2 0OUHUYb, MITbKU 3 AKMUSHUM
expanom Oopisnioc Oinbuie 4 00uHuYb, a 3 KOMOIHOBAHUM EeNeKMPOMASHIMHUM NACUSHUM | AGKMUSHUM eKpaHom OopieHioe Oinvute 10
00uHuysb. Tlokazano ModCIugicmo 3HUMNCEHHS! DIGHS THOYKYIl MACHIMHO20 MO 6 JCUMI0B0MY OVOUHKY 6I0 OB0NAHYH2080I NIHIT
enekmponepeoay i3 po3mauly6anHam npogooie muny «0OYKa» 3a OONOMO20I0 KOMOIHO8AHO20 eNeKMPOMASHIMHO20 NACUBHO20 MA
AKMUBHO20 eKPAHYBAHHS 3 OOHIEI0 KOMNEHCYIOU0I0 0OMOmMKOI0 00 b6e3neuroeo ons Hacenenns pighs 6 0,5 mxTa. Bioin. 53, puc. 15.
Kniouosi cnosa: noBiTpsiHa JiHif ejieKTponepenayi, MardHiTHe moJie, KOMOiHOBaHe eJeKTPOMATrHiTHe NMAacHBHE Ta AKTHBHE
eKpPaHYBaHHSI, KOMII’IOTepHe MOJe/II0BAHHS, €eKCIIEPUMEHTAJIbHI J0C/Ii/KeHHSI.

Introduction. Prolonged exposure of the population
to even weak levels of the industrial frequency magnetic
field leads to an increased level of cancer in the population
living in residential buildings near power lines [1-3]. The
creation of methods and means of normalizing the level of
the electromagnetic field in existing residential areas near
power lines without evicting the population or
decommissioning existing electrical networks determines
the economic significance of such studies. Therefore,
methods are being intensively developed all over the world
to reduce the level of the magnetic field (MF) in existing
residential buildings located near power lines to a safe level
for the population to live in it [4-7].

To reduce the magnetic field inside residential
premises, it is technically easiest to use passive shielding.
The principle of operation of the electromagnetic shield can
be described as follows [8-15]: under the action of the

primary MF, conduction currents are induced in the shield;
these currents create a secondary field; from the addition of
the primary field with the secondary, the resulting field is
formed, which is weaker than the primary in the protected
area. Therefore, for the manufacture of electromagnetic
shields, materials with a high electrical conductivity value
should be used. The most widely used electromagnetic
screens are made of aluminum, the cost of which is
relatively low. However, the cost of such passive screens,
especially when screening large volumes of residential
premises, is the main limitation of the use of such screens,
especially when using mu-metal passive screens. To
increase the shielding efficiency, multilayer passive shields
are widely used, consisting of several layers of conductive
and ferromagnetic shields. Such screens are widely used for
shielding the magnetic field in magnetically clean rooms
together with active screens.
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For shielding large volumes, it is economically most
expedient to use active shields [16-23]. A feature of the
use of active screens is the need to provide an active
screening system and constant power consumption during
the operation of the system. To save energy consumption,
the active shielding system can only be switched on when
there are people in the living space. Therefore, when
designing shielding systems for residential premises, it
can often be the most effective option to use combined
shielding of the initial magnetic field, including an active
shielding system and passive shielding.

Such combined screens are widely used in world
practice [16]. On Fig. 1 show a room located near power
lines. The main shielding effect is provided by an active
shielding system with one compensation winding laid
along the building. Additional screening is provided by
passive screen sheets laid on the floor.

Fig. 1. The room located near power lines

The aim of the work is development of method of
designing a combined electromagnetic shield, consisting of
active and passive parts, to improve the effectiveness of
reduction of industrial frequency magnetic field created by
two-circuit overhead power lines in residential buildings.

Problem statement. We set the currents amplitude
A; and phases ¢; of power frequency w wires currents in
power lines. Then we set the wires currents in power lines
in a complex form

1(e)= 4 exp jlot+ ;). (1)

Then the vector B,(Q;f) of the magnetic field
generated by all power lines wires in point Q; of the
shielding space can calculated based Biot-Savart law [6].

We set the vector X, of initial geometric values of
the dimensions of the compensating windings, as well as
the currents amplitude A4,; and phases ¢,; in the
compensating windings. We set the currents in the
compensating windings wires in a complex form

Iwi(t): Awi eij(aJl+(le-). (2)

Then the vector By(Q;, f) of the magnetic field
generated by all compensating windings wires in point Q; of
the shielding space can also calculated based Biot-Savart law.

Let us set the vector X, of initial values of the
geometric dimensions, thickness and material of the
passive shield. Then for the given geometric dimensions
of the power lines wire and the initial values of the
geometric dimensions of the compensation winding wires,
as well as for the given values of currents and phases in
the power lines wires and the initial values of currents and
phases in the wires in the compensation windings, as well
as for the initial values of the geometric dimensions,
thickness and material of the passive screens, the vector
Br(Q,, 1) of the rezalting magnetic field induction in the
Q; point of the shielding space can be calculated.

We introduce the vector X of the desired parameters
of the problem of designing a combined shield, the
components of which are the vector X, values of the
geometric dimensions of the compensation windings, as
well as the currents 4,,; and phases ¢,,; in the compensation
windings, as well as the vector X), of geometric dimensions,
thickness and material of the passive shield.

Let us introduce the vector d of the uncertainty
parameters of the problem of designing a combined
shield, the components of which are inaccurate
knowledge of the currents and phases in the wires of the
power transmission line, as well as other parameters of
the combined shielding system, which, firstly, are initially
known inaccurately and, secondly, may change during the
operation of the system [24-28].

Then for the given initial values of the X vector of
the desired parameters and the vector J of the uncertainty
parameters of the combined screen design problem, the
value Bg(X, 0, P;) of the magnetic induction at the point
P; of the shielding space calculated based on the finite
element calculations system COMSOL Muliphysics.
Then the problem of designing a passive screen is reduced
to computing the solution of the vector game

Br(X,0) = (BR(X,8,R)). 3)

The components of the game payoff vector Br(X, 9)
are the effective values of the induction of the resulting
magnetic field Br(X, 0, P;) at all considered points Q; in
the shielding space.

In this vector game it is necessary to find the
minimum of the game payoff vector (11) by the vector X,
but the maximum of the same vector objective function
by the vector d.

At the same time, naturally, it is necessary to take
into account constraints on the vector X desired
parameters of a combined shield in the form of vector
inequality and, possibly, vector equality [29-33]

G(X)<Gpue» H(X)=0. 4)

Note that the components of the vector game (3) and
vector constraints (4) are the nonlinear functions of the
vector of the required parameters [5, 6].

The solutions of the vector game (3) subject to
constraints (4) are calculated from the Pareto set of optimal
solutions based on algorithms particles multiswarm
optimization.

Solving problem agorithm. A feature of the problem
under consideration is the presence of several conflicting
goals. Minimization of the magnetic field at one point leads
to an increase in the magnetic field at other points due to
undercompensation or overcompensation of the initial
magnetic field. Minimax problems are widely used in
robust control. If it is necessary to find the minimum in one
variable and the maximum in other variables of the same
objective function, then the necessary condition for the
optimal minimax problem is that the gradient of the
objective function in all variables is equal to zero,
regardless of whether the target function is minimized or
maximized function [34-37].

When solving this minimax problem numerically, in
order to find the direction of movement, it is necessary to
use the components of the gradient of the objective
function for those variables over which the maximization
is performed, and it is necessary to use the components of
the antigradient (i.e., the gradient taken with the opposite
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sign) for those variables over which the minimization is
performed [38-43].

Recently, in the synthesis of control systems, a game
approach has become widespread, which makes it
possible to formulate the problem of synthesizing a
system for a game. In this case, the area of parameter
variations is divided into two sets of friendly X and
enemy J. The goal of the players is to choose such values
X at which the value of the optimized quality criterion
(3) is minimized, and the task of the opponent is to choose
such values of the parameters d at which the value of the
quality criterion is maximized.

To solve this minimax problem of multi-criteria
optimization (3), we use the simplest linear trade-off
scheme, in which the original multi-criteria problem was
reduced to a single-criteria

J
fX,0) =) 0;BR(X,5,P;) (5)
i=1
where o; are weight coefficients that characterize the
importance of particular criteria and determine the
preference for individual criteria by the decision maker.
A necessary condition for optimality

J
X" = argminZ(x[BR(X,&,PI); (6)
X =l
. J
o :argmaxZaiBR(X,é,P[) @)
3 =1

is the existence of a saddle point. In which the equality to
zero of the gradients of the objective function
va/sz*zov v&f/aza*zo' (®)

A sufficient condition for the existence of a saddle
point is a change in the sign of the gradient Vy f when
passing the minimum point from minus to plus, and a
change in the signs of the gradient Vsf when passing the
maximum point from plus to minus [44-47]. These
conditions can be formulated as the positive definiteness
Hx>0 of the matrix of second derivatives — the Hessian
matrix with respect to the choice of parameters X, and the
negative definiteness Hs<0 of the Hessian matrix with
respect to the parameters J, i.e. the task becomes much
more complicated if the quality criterion is vector Br(X,0).

Note that the quality criterion Bg(X,0) usually
includes both system state variables or their combination,
characterizing the accuracy of the system, and state
variables that need to be limited and the control vector is
necessarily included. Otherwise, the original problem
becomes degenerate and leads to infinite controls.
Moreover, the choice of weight matrix functions in the
quality criterion when solving specific problems is carried
out iteratively by repeatedly solving the original
optimization problem for different values of the weight
functions until acceptable results are obtained.

In fact, the semantic statement of the problem is
reduced to the synthesis of such a system, which provides
the minimum value of the error characterizing the
accuracy of the system when constraints (4) on the state
vector component are met and when constraints on the
control vector are met.

Consider the use of penalty (barrier functions) for
solving a mathematical programming problem in the

presence of restrictions. Let us first consider the
application of the interior point method to solve a
mathematical programming problem that does not contain
restrictions in the form of equalities. Let us assume that
near the optimal point, the local optimum conditions are
satisfied in the following form

g,-(x)z O,izm

u,-g,-(x)z r>0,i=1m,
u; 20,i=1m, )

1

i=1
Whence the following equality can be obtained

m
Vi (x(r)-> — Vg, (x(r)=0.
f( ( )) ; g,-(x(r)) gl( ( ))
This equality can be interpreted as a necessary
condition for a local optimum in the form of zero gradient,
under which the original objective function of the nonlinear
programming problem takes the following form

L(x,r): f(x)—rilngi(x).

Similarly, another objective function can be
obtained, provided that from the expression

ﬂigi(x)=r>0,i:1,_m

(10)

an

(12)
for the gradient
m }"2
VI Il- 2 ———Velxrll=0.
i=1 8i [x(r )]
The objective function Li(x, ») will take the
following form

Ll(x,r):f(x)+r2§: ﬁ

These objective functions allow us to reduce the
initial problem of nonlinear programming in the presence
of restrictions to the solution of the problem of
unconditional optimization in such a way that when
approaching the boundary of the restrictions from the
inside, the penalty for violation of the restrictions tends to
infinity, which corresponds to the interior point method in
the penalty functions algorithm.

Thus the problem of multicriteria synthesis (3) of
nonlinear robust control using a linear compromise scheme
(5) is reduced to a single-criteria problem of mathematical
programming (12). Consider the application of the
sequential quadratic programming method to solve this
problem. This method and its software implementation
were proposed by Schittkowski at the beginning for solving
the least squares minimization problem. This method is a
combination of the Gauss-Newton method with
determining the direction of movement using a quasi-
Newtonian algorithm.

Consider first the minimization of the quadratic
norm L,, usually called the unconstrained least squares
problem

(13)

(14)

[
)= 2 A6 (15)
i=1
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The gradient of this objective function can be
represented as follows
Vf(x)=VF(x)F(x), (16)
where the Jacobian VF(x) = (Vfi(x),..., Vfi(x)) of this
function is denoted and it is assumed that the components
of the objective function can be doubly differentiated.
Then the matrix of second derivatives of the objective
function — the Hesse matrix can be written in the
following form

V21 (x)=VF(x)VF(x) +B(x), (17)

where

/
2 2
B(x)= 3 f(xV2 £, (xV2 ().
i=1
Then the iterative procedure for choosing the
direction dj, € R" of motion using the Newton method can
be reduced to solving a linear system

2
V2 £ )+ V7 () =0, (18)
or to the solution of an equivalent system in the following
form

VE(x WE(x. ) d+Blx )Jd +...+VF(x )F(x, )= 0. (19)

At the optimal solution point x°, the following
condition is satisfied

F(x*)=(ﬁ(x*)...,ﬁ(x*) =0, (20)
therefore, finding the motion step d can be reduced to
solving the normal equation of the least squares problem

min [VF (s V' d + F(xkj , @1

deR
from which a recurrent equation x;; = x; + oyd) can be
obtained for iteratively finding the vector of desired
parameters, in which is the solution dj to the optimization
problem, and ¢ is an experimentally determined parameter.

This algorithm uses the Gauss—Newton method,
which is a traditional algorithm for solving the non-linear
least squares problem, to calculate the direction of motion.
In the general case, the Gauss-Newton method makes it
possible to obtain a solution to the problem of sequential
quadratic programming using only first-order derivatives,
but in real situations it often fails to obtain a solution.

Therefore, to improve convergence, second-order
methods are used, in which the matrix of second
derivatives of the objective function is used - the Jacobian
matrix when solving optimization problems without
restrictions. Second-order algorithms, compared to first-
order methods, allow one to efficiently obtain a solution in
a region close to the optimal point, when the components of
the gradient vector have sufficiently small values.

Recently, methods using Levenberg-Marquardt
algorithms have become widespread in quasi-Newtonian
methods. The idea of these methods is to replace the Hesse
matrix with some matrix 4,/ with a positive coefficient 4.
Then we obtain the following system of linear equations

VF(x, WF(xp ) d + 24d +VF(x, )F(x)=0. (22)

There are many different methods for solving the
non-linear least squares problem without restrictions. On
the other hand, there is a simple approach for combining
the properties of the Gauss-Newton method with the
method of sequential quadratic programming. The main

problem of applying the method of sequential quadratic
programming is the need to use special methods to ensure
negative eigenvalues when approximating the Hess matrix
in the case of alternative approaches.

Deterministic optimization methods such as linear
programming and non-linear programming are widely
used to solve multiobjective optimization problems.

However, these methods use a one-point approach
and the result of these classical optimization methods is a
single optimal solution. For example, the method of the
weighted sum of local criteria transforms the multicriteria
optimization problem into a single-criteria optimization
problem, which makes it possible to obtain one point on
the front of Pareto-optimal solutions.

To find the global optimum from Pareto optimal
solutions, it is necessary to consider all possible Pareto fronts.
In this case, it is necessary that the algorithms for finding the
global optimum point are performed iteratively, so as to
ensure that each combination of weights has been used.

To exhaust all combinations of weight, it is necessary
to repeat the algorithms of such a local search many times.
Therefore, algorithms must be able to «learn» from the
solutions obtained in order to guide the correct choice of
weight in further evolutions. When using classical methods
for finding a global optimal solution, problems arise if the
optimal solution is located in non-convex or disconnected
regions of the functional space.

Recently, metaheuristic  methods such as
evolutionary  algorithms and group intelligence
technologies have become increasingly popular for
solving the optimization problem [48-50]. Evolutionary
methods, due to their efficiency and simplicity, have been
successfully used to solve optimization problems with one
objective function. These methods have some advantages
over classical optimization methods, since they allow
calculating optimal solutions for non-linear and non-
convex functions [51-53].

They use the set of solutions in each iteration and
stochastic search, and therefore they can find a search
anywhere in the entire search space and are able to
overcome the problems of local optima. Stochastic search
methods are also more suitable for solving problems of
multiobjective optimization.

Among the metaheuristic techniques, until recently,
particle swarm optimization was applied only to single-
objective optimization problems. The high convergence rate
of particle swarm optimization algorithms for developing a
multi-objective optimization algorithm has some advantages
in terms of better exploration and exploitation provided by
the algorithm’s global search capability.

In the standard particle swarm optimization
algorithm, particle velocities change according to linear
laws, in which the movement of particle i swarm j is
described by the following expressions [49]

vij(t+l)=cl ~r1j(t)><...

o Oy O e, (... 23)
X yj-(l)—xij(l)zr
xy (1) = (e)+ vy (£ +1) (24)

where, are the position x;(¢) and speed v;(f) of the particle
i of the swarm j; c|, ¢, — positive constants that determine
the weights of the cognitive and social components of the
speed of particle movement; r(f), r(f) are random
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numbers from the range [0, 1], which determine the
stochastic component of the particle velocity component.

Here, y;(t) and yj« — the best local-lbest and global-gbest

positions of that particle i are found, respectively, only by
one particle i and by all particles i of that swarm j. The
use of the inertia coefficient w; allows improving the
quality of the optimization process.

In order to increase the speed of finding a global
solution, special nonlinear algorithms of stochastic multi-
agent optimization have recently become widespread [51-53].

Naturally, the formalization of the solution of the
multiobjective optimization problem by reducing it to a
single-objective problem makes it possible to reasonably
choose one single point from the area of compromises — the
Pareto area [48]. However, this «single» point can be further
tested in order to further improve the trade-off scheme from
the point of view of the decision maker [52, 53].

Simulation results. Let us consider the results of the
design of combined electromagnetic passive and active
shielding of overhead power lines magnetic field
generated by a double-circuit power line in a residential
building, as shown in Fig. 2.

Fig. 2. Residential building cloused to double-circuit power line

Figure 3 shows the scheme of the shielding system
design.

Figure 4 shows the distribution of the calculated
initial magnetic field induction.

Figure 5 shows the distribution of the calculated
resulting magnetic field induction whith only
electromagnetic passive shield. The calculated shielding
factor maximum value of resulting magnetic field whith
only electromagnetic passive shield is more 4 units.
Arrangement of active elements

Ly

Fig. 3. Scheme of the shielding system design
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Fig. 5. Distribution of the calculated resulting magnetic field
induction with only electromagnetic passive shield

Figure 6 shows the distribution of the calculated
resulting magnetic field induction with only active
shield. The calculated shielding factor maximum value
of resulting magnetic field whith only active shield is
more 4 units.

IJ?.S T47712

1
| ]_l,jflt.ss 13
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1.6 2 2.4 2.8 3.2

Fig. 6. Distribution of the calculated resulting magnetic field
induction with only active shield

Figure 7 shows the distribution of the calculated
resulting magnetic field induction with electromagnetic
passive and active shield. The calculated shielding
factor maximum value of resulting magnetic field
whith electromagnetic passive and active shield is
more 13 units.
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1.6 2 2.4 2.8 3.2
Fig. 7. Distribution of the calculated resulting magnetic field
induction with combined electromagnetic passive and active shield

Results of experimental studies. Let us now consider
the results of experimental studies of the electromagnetic
passive and active shielding.

Figure 8 shows the compensation winding and
electromagnetic passive shield of the experimental setup.

Figure 9 shows the control system of the experimental

Fig. 8. Compensation winding and electromagnetic passive
shield of the experimental setup of electromagnetic passive and
active shielding

Fig. 9. Control system of the experimen{a setup

Figure 10 shows the experimental spatio-temporal
characteristic of the initial magnetic field.

Figure 11 shows the experimental shielding factor of
resulting magnetic field whith only electromagnetic passive
shield. The experimental shielding factor maximum value
of resulting magnetic field whith only electromagnetic
passive shield is more 2 units.

Figure 12 shows the experimental spatio-temporal
characteristic of the resulting magnetic field with only
electromagnetic passive shield.

The experimental spatio-temporal characteristic of
the resulting magnetic field with only electromagnetic

passive shield is about 2 times less than the original
characteristic, which is shown in Fig. 10 and rotated
counterclockwise about 20 degrees clockwise.

CHT 100mY  CHZ 100mY %Y Mode
Fig. 10. Experimental spatio-temporal characteristic of the initial
magnetic field

Distribution of the K, for |B,,| of the HPVL+Solid Protective Screen

21
22
X, m 23 44 o

Fig. 11. Experimental shieldihg factor of resulting magnetic
field with only electromagnetic passive shield

CH1 100mY  CH2 100mY » Mode
Fig 12. Experimental spatio-temporal characteristic of the
resulting magnetic field with only electromagnetic passive shield

Figure 13 shows the experimental shielding factor of
resulting magnetic field whith only active shield. The
experimental shielding factor maximum value of resulting
magnetic field whith only active shield is more 5 units.

Figure 14 shows the experimental spatio-temporal
characteristic of the resulting magnetic field with only
active shield. The experimental spatio-temporal
characteristic of the resulting magnetic field with only
active shield actually represents a point which is blurred
by the noise of the magnetic sensors of the spatio-
temporal characteristic measurement system.

Figure 15 shows the experimental shielding factor of
resulting magnetic field with electromagnetic passive and
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active shield. The experimental shielding factor maximum
value of resulting magnetic field with electromagnetic
passive and active shield is more 10 units.

Distribution of the K, for | B,.| of the HPVL+SAS
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Fig. 13. Experimental shielding factor of resulting magnetic
field whith only active shield
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Fig. 14. Experimental spatio-temporal characteristic of the
resulting magnetic field with only active shield
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Fig. 15. Experimental shielding factor of resulting magnetic
field with combined electromagnetic passive and active shield

Conclusions.

1. For the first time the method of designing a
combined electromagnetic shield, consisting of active and
passive parts, to improve the effectiveness of reduction of
industrial frequency magnetic field created by two-circuit
overhead power lines in residential buildings.

2. The problem of design of combined
electromagnetic passive and active shielding solved based
on the multi-criteria two-player antagonistic game. The
game payoff vector calculated based on the finite element
calculations system COMSOL Muliphysics. The solution

of this game calculated based on algorithms of multi-
swarm multi-agent optimization from sat of Pareto-
optimal solutions based on binary preferences.

3. During the design of combined electromagnetic
passive and active shields spatial location coordinates of
shielding winding, the currents and phases in the shielding
winding of active shielding, geometric dimensions and
thickness of the electromagnetic passive shield are calculated.

4. Based on the developed method the combined
electromagnetic passive and active shields for magnetic
field generated by double-circuit overhead power lines in
residential building were design. The results of
calculating and experimental studi the shielding efficiency
of the initial magnetic field using designed combined
active and electromagnetic passive shielding are given.

5. The results of the performed theoretical and
experimental studies have shown that the shielding factor
is only passive electromagnetic screen made of a solid
aluminum plate with a thickness of 1.5 mm is about 2
units, only active screen made in the form of a winding
consisting of 20 turns is about 4 units. When using a
combined electromagnetic passive and active screen, the
shielding factor was more 10 units, which confirms its
high efficiency, exceeding the product shielding factors of
passive and active shields.

6. The practical use of the developed combined
electromagnetic screen will allow reducing the level of the
magnetic field in a residential building from a double-circuit
power transmission line with a «barrel» type arrangement of
wires to a safe level for the population of 0.5 uT.
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