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COMPUTATIONAL AND studies based on the results of 3D modeling when using a combined electro-
EXPERIMENTAL STUDIES | magnetic shield consisting of active and passive parts were conducted. The

ON THE EFFICIENCY problem of designing a combined electromagnetic shield consisting of a robust

active shielding system and an electromagnetic passive shield is solved on the
OF COMBINED basis of a multi-criteria antagonistic game between two players. The vector of
ELECTROMAGNETIC game wins is calculated using the finite element calculation system COMSOL
SHIELDING Multiphysics, and the game solution is calculated using particle multiswarm

optimization algorithms. When designing combined electromagnetic shields,

OF THE MAGNETIC FIELD the coordinates of the spatial location of the shielding winding, currents and
OF OVERHEAD POWER phases in the shielding windings of the robust active shielding system, as well

LINES as the geometric dimensions and thickness of the electromagnetic passive
shield, were calculated. The results of experimental studies of the effectiveness

of magnetic field shielding using 3D modeling for a residential building and a
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ibovduj@gmail.com passive parts, are given. For the first time, in order to increase the effective-
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sive parts, and is designed to reduce the industrial frequency of the magnetic
field created by overhead power lines in residential buildings, experimental
studies using 3D modeling were conducted. According to the results of exper-
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an active shield is more than four units, and for a system with a combined
electromagnetic passive and active shield it is more than 10 units. The possi-
bility of reducing the level of magnetic field induction in a residential building
from power lines when using combined electromagnetic passive and active
shielding to a level safe for the population is proven.
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Introduction

Prolonged exposure to sufficiently weak levels of the power-frequency magnetic field (MF) on the
population, especially those living in residential buildings near power lines, leads to an increase in the level
of oncological diseases [1-5]. In view of this, the search for methods and means of normalizing the level of
the electromagnetic field in existing residential buildings near power lines, without evicting the population
and decommissioning existing electrical networks, determines the economic and social feasibility of such
research. In this regard, in world practice, methods for reducing the level of MF in existing residential build-
ings of this type to a safe level of MF for residents are being intensively developed [6-8].

In paper [9], the problem of synthesis of combined magnetic field shielding systems in a two-
dimensional setting is considered. This approach assumes consideration of the effectiveness of shielding in
the central section of residential buildings. However, as further research has shown that, when shielding a
magnetic field, it is necessary to reduce the level of magnetic field induction to a safe level along the entire
length of a residential building. This makes it appropriate to formulate and solve the problem of synthesizing
combined shields in a three-dimensional setting.

Aim of the paper is experimental study of the effectiveness of combined electromagnetic shielding,
which includes shielding of MFs with active shielding systems and solid passive shields, in order to reduce
the level of MFs generated by power lines in residential buildings.

This work is licensed under a Creative Commons Attribution 4.0 International License.
© Thor V. Bovdui, 2025
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Problem statement
The geometric direct problem of quasimagnetostatics of a power-frequency magnetic field, which
consists in calculating the magnetic field at any point in space for its given sources, is considered [10-11].
The theoretical basis for calculating the magnetic field generated by power lines in a homogeneous
medium is the so-called quasistatic approximation of the system of Maxwell's equations

rot H=j; divB=0; B=p,H,

where H i B are vectors of magnetic field strength and induction; j — vector of the extraneous current density, giv-
en by external sources and is different from zero only in a limited region occupied by conductors.

It is assumed that the given space, in which it is necessary to shield the output magnetic field using
an active shielding system, is free from conductive and ferromagnetic media and does not contain magnetic
field sources. Buildings and structures almost do not shield the power-frequency magnetic field.

Based on this, considering the area outside the current-carrying conductors, it can be assumed that
the current density is zero (rot A =0) and, thus, the potential field
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H=-gradU,; H, = . H = ; H, =——F7,
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where U, is the scalar magnetic potential.

To simplify the mathematical model of high-voltage power lines, phase current-carrying conductors
are often taken in the form of infinitely long and thin straight conductors, which allows the use of a two-
dimensional magnetic field model that contains two spatial components along the 0X, 0Y axes and is inde-
pendent of the Z coordinate along which the power line conductors are located.

However, in this case, the vertical sections of the controlled windings of the active shielding system
create significant projections of the magnetic field vector along the Z coordinate, which makes it necessary to
use a three-dimensional magnetic field model, which, in addition, also allows taking into account the com-
ponent of the magnetic field vector along the 0Z coordinate, which is created by the power line wires due to
their sagging between the power line supports.

When calculating the magnetic field for currents, the quasi-static approximation of the Maxwell’s
equation system is equivalent to the Biot-Savart law, which can be written in the form [10]

wol, ¢ldixR]
B(P)_ 471'[ R

where B(P) is the MF induction at the observation point P; d/ is the circuit L element with current 7,; R is the
vector directed from the contour element d/ to the observation point P.
The cube of the vector R magnitude is equal to

/2
R=\x}+ys+z"; R’ = (xf; +y1,2,,+22)3 .

An approach to constructing a mathematical model of the magnetic field in a given space, based on the
representation of power line current-carrying conductors, as well as windings of magnetic compensating elements
in the form of a set of elementary sections of current-carrying conductors, is considered. This approach allows to
calculate the magnetic field of current-carrying conductors of almost any shape, other than ideal straight lines,
rectangles, etc., and also to take into account the sagging of current-carrying conductors of power lines.

Let’s dwell on one of the approaches to constructing such a mathematical model of the magnetic
field generated by a current-carrying conductor with a current / of a sufficiently complex design, based on
the Biot-Savart-Laplace law.

We represent the considered current-carrying conductor in the form of elementary segments of a suf-
ficiently small length and denote the coordinates of the middle of the segment as C;. The vector of the mag-
netic field induction B, which was generated by this elementary segment located at point C;, is established at
point P with coordinates (x, y, z). Let’s represent the elementary segment of the current-carrying conductor
taking into account the direction of the current and the location of the segment itself in the orthogonal coor-
dinate system in the form of orthogonal vectors ax, ay, a-.
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We define the components of the expansion of the vector of an elementary segment of a current-
carrying conductor in an orthogonal coordinate system as the difference between the coordinates of the end
and beginning of this segment in the following form:

(xm _xi)’ (ym _yi)’ (Zm - Z;)a
and vector AL, as the difference between the coordinates of the end and beginning of a given segment in this form:
AL = (xi+l - xi)ax + (yi+1 - yi)ay + (Zi+1 - Zi)az'

Let’s introduce the vector R;, the beginning of which is located in the center of this elementary seg-
ment of the current-carrying conductor, and the end — at the point P(x, y, z), at which it is necessary to deter-
mine the vector of induction of the magnetic field created by the elementary segment of the current-carrying
conductor, in the form

R=P-C =(x,y,z)—(x”1 X it Vi Zisl tz j '
2 2 2
Then the vector B(x, y, z) of the total magnetic field induction at a given point P(x, y, z), generated
by n elementary segments of a current-carrying conductor with current I, can be determined based on the
Biot-Savart-Laplace law in the form [10]

I - AL xR,
p=toyCHZ (1)
4m S |R,.|
where L is the magnetic constant.
Cross product of vectors AL, x R, is equal to the vector with the following components

AL xR =(AL R, ~AL.R,), (AL.R,~AL.R.), (AL,R,—AL,R,).

iy " iz iz" Yy iz" My ix " iz iy " tix

The notations AL, and R and components of vector decomposition AL; and R; along the axis 0.X,
identical to the axes 0Y and 0Z, are introduced. The cube of the vector R; magnitude is denoted as |R;, it is

defined by
3
R (R R+ RE ). @)

The solution of the geometric direct problem for power line wires — from the construction of a math-
ematical model of the output magnetic field generated by the power line — is considered. The position of the
power line wires is known. We specify the currents in the power line wires in the form of sinusoidal depend-
ences of instantaneous values depending on time, as well as the amplitude 4; and phase C; of the power line
wires of the power-frequency ® and the currents of the wires in the power line in complex form

Ii(t): 4; expj(wt + (Pi)-
Based on the obtained relation (2), the induction B,(P,1,(¢),t) of the output magnetic field at the

point P;, which is created by currents /,(f) in power lines current-carrying conductors /, can be calculated with
the following formula:

By(B.1,(0),) =D By,(P.I,(1)). 3)
=1

The vector /o(¢) of the currents in the power lines is introduced. Its components are the currents /(¢)
in power lines current-carrying conductors /,

10 ={1,0)}.

It should be noted that when calculating the resulting magnetic field of the power line according to
formula (3), for 3D modeling it is necessary to take into account the real sagging of the power line wires. In
this case, the number of elementary sections of the power line conductors at the ends of the wire sections
taken into account must be set with the necessary accuracy to calculate the induction of the resulting magnet-
ic field generated by all power line wires at a given point in the shielding space.

Let’s consider the solution of the forward problem for calculating the magnetic field generated by
the compensating windings at the points of the shielding space. We specify the currently unknown coordi-
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nates of the location of the compensating windings of the active shielding system in the form of a vector X,
of the initial geometric values of the sizes of the compensatimg windings of the active protection, as well as
the amplitude 4, and the phase of the currents ¢, in the compensating windings [10]. The currents in the
wires of the compensating windings are found based on the complex form
Iai(t) =4, exp j(wt + (pwi) .

Then, for a given point P(x, y, z) of the shielding space, based on the Biot-Savart law, the elementary
value of the magnetic field induction generated at a given point in space by an elementary section of the
compensating winding wire can be calculated based on (1). Similarly, using (3), the induction B, (B,I y (t),t)

of the MF in the point P;, which is created by the currents of the windings of the magnetic compensating el-
ements at a point in time ¢, can be calculated by the following formula:

B,(P,1,(),t)= fom (B,1,,0).1), (4)

here, the vector /,(¢) of the currents in compensating windings, the components of which are the currents /()
in m windings is introduced
1,(6)=11,,,(0)).

It should be noted that when calculating the resulting magnetic field generated by all wires of the
compensating windings, according to formula (4), in 3D modeling, it is necessary to take into account not
only the real dimensions of the horizontal parts of the compensating windings, but also the actual length of
the compensating windings, since it is near the ends of the horizontal sections of the compensating windings
that the greatest change in the level of induction of the magnetic field generated by the compensating
windings is observed. Naturally, in 3D modeling, in formula (4), the vertical parts of the compensating
windings should be taken into account, as they generate the main part of the magnetic field induction.

Then, according to the principle of superposition, the resulting vector B(R.,IO ®),X a,t) of the MF

induction in the point P;, which is generated by the currents /o(f) of the power lines wires B, (B,I 0 (t),t) and
compensating winding currents B, (P, X,.t), is equal to the sum of the vectors

B(P,1,(t),X,,t)=By(P,I,(t),t)+ B,(P, X,.t). (5)

Let’s consider the solution of the forward problem for a continuous open passive shield. In this case,
the instantaneous values of the vector B(B,]O 1),X a,t) of the magnetic induction of the resulting magnetic

field generated by power lines B, (P, 1,(¢),¢) and windings of the active shielding system B, (P, X,,t) atany

point of the shielding space, are considered given and are calculated by formula (5).

Let’s dwell on the calculation of the magnetic field in the space in which the power lines current-carrying
conductors, compensating windings and continuous electromagnetic shields of passive shielding are located. In
this case, we will assume that the space in which the current-carrying conductors and the electromagnetic shield
are located does not contain ferromagnetic and conductive elements, and therefore, the relative magnetic permea-
bility of the external space will be set equal to unity, and the specific conductivity will be equal to zero.

Let’s study steady processes when the currents in the wires are described by the dependencies for sig-
nals of a sinusoidal shape. Therefore, the distribution of the electromagnetic field in the system can be described
in terms of complex amplitudes. The calculation of magnetic induction was performed in a quasi-stationary ap-
proximation, since the frequency of electric currents flowing through the current-carrying conductors is equal to
the industrial one. The diameter of the power lines current-carrying conductors and compensating windings is
much smaller than the distance between them, so they can be considered as "current threads". The distribution of
the current density flowing through the current-carrying conductors will be represented as a sum of delta func-
tions. Thus, the assumptions that were made when building a physically correct model of the process of electro-
magnetic shielding of the magnetic field of long current-carrying conductors have been formulated and justified.

Taking into account the assumptions made to find the distribution of the MF, we will use the law of the
total current in the integral form, written in a quasi-stationary approximation in terms of complex amplitudes [6]

§Hdz:ijds+jJ“’ds
1 N S
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where H, E are complex amplitudes of the vectors, respectively, of the magnetic and electric field strengths;
J" is the complex amplitude of the current density vector of current-carrying conductors; y is the specific
electrical conductivity; / is the contour covering the surface of integration s.

To describe an electromagnetic shield, it is necessary to specify its location relative to the current-
carrying conductors, geometric dimensions, and magnetic permeability p and specific electrical conductivity
v. The system of currents in power lines is described by the frequency ® and the current density distribution
vector J*.

The numerical methods for calculating the magnetic field used for calculating electromagnetic shields is
considered. The most widespread in the numerical study of the electromagnetic field, in particular, the quasi-
stationary magnetic field, are the finite difference method, or the grid method, variational methods, the finite el-
ement method, and the method of integral equations [12—15]. The procedure for calculating the magnetic field is
reduced to the composition and solution of a system of linear equations. The method of composition of this sys-
tem, the form and dimension of its coefficient matrices for the listed numerical methods are quite different.

The finite difference method is based on the numerical solution of a differential equation, for example,
an equation in a simple case, by replacing those derivatives of the unknown function included in it with expres-
sions containing finite differences. Currently, the finite element method has become the most widespread for
numerical solution. In this case, the computational domain is divided into a set of polygons of arbitrary shape,
namely curvilinear in the general case, or triangular cells in the simple case. The function values at the grid
nodes are initial, and an approximation by some function is introduced at the remaining points.

At the first stage, the initial parameters of the system are introduced: the geometric dimensions of the
electromagnetic shield, its physical characteristics p and vy, the magnitude and frequency of the currents in
the current-carrying conductors. Next, the domain in which it is necessary to calculate the distribution of the
MF is specified.

Based on this, the vector B, (B,X p,t) can be calculated using the COMSOL Multiphysics software

package. This is the vector of the instantaneous value of the magnetic field generated by the passive shield
for a given vector of the instantaneous value of the induction of the output magnetic field B(B,, 1y(), X a,t),

which is generated by the wires of the power line B, (B,I 0 (t),t) and compensating windings B, (Pl., X, ,t) of

the active shielding systems.

Such a mathematical model allows to calculate the distribution of magnetic induction of current-
carrying conductors when using thin-walled electromagnetic shields consisting of several flat or U-shaped
elements, and determine their shielding properties.

Using the COMSOL Multiphysics software package for a given vector X, of the values of the geomet-
ric dimensions of the compensating windings, as well as currents A,; and phases ¢,; in compensating windings,
a given vector X, of the geometric dimensions, thickness and material of the passive contour shield, it is possi-
ble to calculate the vector of the instantaneous value of the induction of the output magnetic field
B, (B,X , 8,1‘) , which is generated by the wires of the power line B()(Pi,]0 (t),t), and compensating windings

B, (B, X, ,t) of the active shielding system, as well as passive shielding B, (B,X p,t) , by the formula
Bp(P.1y(0), X, X 1) = By(P, 1y(),1)+ B, (B, X ,,1)+ B, (P, X ,,1).

Solution method

Let’s consider the geometric inverse problem of magnetostatics, which consists in calculating the spa-
tial location and parameters of magnetic field sources for generating a compensating magnetic field directed
opposite to the initial magnetic field, in order to design a combined electromagnetic shield. In this case, the ini-
tial magnetic field is generated by the power line wires, and the compensating magnetic field is generated sim-
ultaneously by the compensating windings of the active shielding system and a solid passive shield.

Let’s introduce the search parameter vector X, as a designing problem a combined shield whose compo-
nents are the vector X, of the values of geometric dimensions of compensating windings, currents 4,,; and phases
¢ in the compensating windings, as well as the vector )X, of the geometric dimensions, thickness and material of
the passive contour shield [9]. Based on this, the designing problem a combined shield for given initial values of
the search parameter vector X and the vector of uncertainty parameters J is calculated as a value B, (E, X, 6) of
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the effective value of the instantaneous value of induction B, (B,X ,S,t) of the resulting magnetic field at a

point P; of the shielding space using the finite element calculation system COMSOL Multiphysics, and the de-
signing problem a passive shield is reduced to calculating the solution to the vector "game" [16—17]

Br(X,8) = (Bp(X,8,R)) . (6)
Components of the vector B,(X,d,P), i.e. "game win", are effective values of the induction of the

resulting magnetic field at all points P; of space for shielding. In addition, in this vector "game" it is neces-
sary to find the minimum of the "game wins" vector (6) by the vector X, and its maximum — by the vector §.

In this case, it is necessary to take into account the restrictions [12—15] on the search parameter vec-
tor X of the combined shield in the form of vector inequality and, possibly, vector equality.

It should be noted that the components of the vector "game" (6) are nonlinear functions of the search
parameter vector and are calculated based on the finite element system COMSOL Multiphysics [12—15].

The method of solving the formulated problem is considered. Let’s point out that for the correct so-
lution of the multi-criteria optimization problem from Pareto-optimal solutions, in addition to the vector op-
timization criterion (6) and constraints, it is also necessary to have information about the binary ratios of the
advantages of local solutions to each other [18]

. * * . * *
max minmax B,(P, X 8.)< maxmlnmaxB(P. X,,0 ) @)
: R\‘i>“* oY : it ko Yk
i=l,m X o i=l,bm X o

Based on this, according to the relation (7), the solution X ; and 6; are better than solutions X Z and

8, . The physical meaning of the binary ratios of the advantages of local solutions to each other (7) is that solu-
tion X j and 6; provides a value of the resulting induction level lower than solution X, and &, provides the

maximum value of the induction in the entire space of searching for magnetic field shielding points with coor-
dinates P; precisely due to the binary ratios of the advantages of local solutions to each other (7). This happens
because it provides a search for a solution that minimizes the maximum level of the resulting induction over the
entire shielding space of the magnetic field. When solving the problem of scalar minimax optimization of the
resulting induction at a specific point in the shielding space with coordinates Pi the induction value is mini-
mized by the vector of parameters of the combined shielding system X, which must be found. To ensure the
robustness of the combined shielding system, for each point of the shielding space, the resulting induction is
maximized by the uncertainty vector 9.

Such approach allows to significantly reduce the set of possible optimal solutions of the initial multi-
criteria optimization problem and to facilitate the calculation process for the person making the decision re-
garding the choice of the optimal solution option from the area of Pareto-optimal solutions.

The problem of finding a local minimum at one point of a given space is, as a rule, multiextremal,
the one that contains local minima and maxima, therefore, it is advisable to use stochastic multi-agent opti-
mization algorithms to solve it. The algorithm for finding a set of Pareto-optimal solutions to multi-criteria
nonlinear programming problems based on stochastic multi-agent optimization is considered. Nowadays, a
significant number of particle swarm optimization algorithms have been developed — particle swarm optimi-
zation (PSO) algorithms, based on the idea of "collective intelligence of a particle swarm", such as the gbest
PSO and Ibest PSO algorithms [18-20].

The application of stochastic multi-agent optimization methods to solve multi-criteria problems
causes certain difficulties, but this direction continues to develop intensively. To solve the original multi-
criteria nonlinear programming problem with constraints, we will construct a stochastic multi-agent optimi-
zation algorithm based on a set of particle swarms, the number of which is equal to the number of compo-
nents of the optimization criterion vector.

In the particle swarm optimization algorithm, the particle speeds change according to linear laws. In
order to increase the speed of finding a global solution, special nonlinear stochastic multi-agent optimization
algorithms have recently become widespread, in which the particle swarm motion is described by the follow-
ing expressions [18-20]:

vy D=y, O+ en, OH(p, =&, )y, 0=x, O} e m, O (p,, e, (t))[y; ()= x; ]
x; (1) =x,(0) +v; (£ +1)
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where x;(7), v;() are position and speed of particle i of the swarm ;.
To take into account binary preference relations (7) when searching for solutions, special evolution-
ary algorithms for multi-criteria optimization were used [18, 19].

Experimental plant description

To conduct experimental studies to determine the effectiveness of shielding the magnetic field gen-
erated by overhead power lines, laboratory power line models have been developed for combined shields.

The appearance of a double-circuit power line model with a "barrel" arrangement of wires is shown
in Fig. 1.

The appearance of the layout of a single-circuit power line with a triangular arrangement of wires is
shown in Fig. 2. The current-carrying conductors of the power line layout are powered by an adjustable in-
duction regulator.

The external appearance of two compensating windings of the active shielding system, made in the
form of rectangular frames, with the winding wires located behind the ends of the surfaces, is shown in Fig. 3.

To power the compensating windings, two-channel power amplifiers, the appearance of which is
shown in Fig. 4, are used. The power of each amplifier is up to 800 W per channel. In addition, the amplifier
has the ability to be bridged, which provides a combined power of up to 1200 W per channel.

Fig. 1. Layout of a double-circuit power line Fig. 2. Layout of a single-circuit power line
with a "barrel” arrangement of wires with a triangular arrangement of wires

Fig. 3. Two compensating windings Fig. 4. Power amplifiers for powering compensating windings
of the active shielding system and measuring and recording devices

Fig. 5 shows the external view of the control system, consisting of sensors for measuring the mag-
netic field level; amplification units - forming input signals; phase inverter unit; controls for the system oper-
ator; measuring instruments for determining and setting the current level in the compensating windings; an
oscilloscope for operational adjustment of control signals and recording current indicators at the operating
point of the magnetic field sensors; a four-channel power amplifier up to 70 W per channel; a power supply
unit for own needs and a power supply unit for the power amplifier.

For operational control and measurement of the resulting magnetic field in the middle of the shield-
ing space, a three-coordinate magnetometer of the "TES 1394S triaxial ELF magnetic field meter" type, the
appearance of which is shown in Fig. 6, is used.

The magnetometer measures the components of the magnetic field induction vector using three or-
thogonally arranged measuring coils, which are shown in Fig. 7. The axes of these measuring coils are or-
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thogonal to each other and form an orthogonal coordinate system for measuring the magnetic field. Natural-
ly, during the measurement, when positioning the device, the axes of these coils must be set parallel to the
axes of the output magnetic field.

TES LG mss

Fig. 6. Three-coordinate

Fig. 5. Control system magnetometer Fig. 7. Location of the measuring coils
"TES 1394S" of the magnetometer "TES 1394S"

Experimental studies of combined shields with solid passive shields

Let’s consider experimental studies of a combined shield with a solid passive shield, in which the
side surfaces of the latter are open, namely a U-shaped shield. A laboratory setup for this type of shield is
shown in Fig. 8.

In the middle of the volume of the U-shaped passive
shield, two magnetic field sensors are installed, which are used to
implement two closed-loop control loops with two compensating
windings of the active shielding system and feedback loops for
the resulting magnetic field. The axes of the sensors are installed
so as to measure the largest value of the magnetic field induction |=
generated by the compensating winding of the corresponding
compensating channel. Such installation of the axes of the mag-
netic field sensors allows to minimize the influence of the chan-
nels on each other during their joint operation.

In the middle of the volume of the passive shield, two
additional magnetic field sensors, the axes of which are parallel Fig. 8. Solid U-shaped passive shield

to the coordinate axes, are also installed. These sensors are used in a system for measuring the spatiotem-
poral characteristics of the resulting magnetic field. The measuring system is also used for operational ad-
justment of the control loops of the active shielding system of combined magnetic field shielding.

The shielding efficiency of the magnetic field generated by a double-circuit power line with a "bar-
rel" arrangement of wires is considered. As a result of solving the geometric inverse problem of quasimagne-
tostatics, the coordinates of the location of two compensating windings of the active shielding system, as
well as the currents and phases in them, were calculated. The distribution of the output field induction gener-
ated by a double-circuit power line with a "barrel" arrangement of wires is shown in Fig. 9.

Fig. 10 shows the distribution of the resulting field induction when only the U-shaped passive shield
is used.

Fig. 11 shows the distribution of the resulting field induction when only the active shield is operating.

The distribution of the resulting field induction during the operation of the combined shield is shown
in Fig. 12.

The efficiency of the combined shield is 2—3 units. However, at the edges of the passive shield, the
efficiency of shielding the output magnetic field is significantly reduced.

The efficiency of shielding the magnetic field generated by a single-circuit power line with a triangu-
lar arrangement of wires is considered. As a result of solving the geometric inverse problem of quasimagne-
tostatics, the coordinates of the location of two compensating windings of the active shielding system, as
well as the currents and phases in them, were calculated.
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The distribution of the induction of the output field generated by a single-circuit power line with a
triangular arrangement of wires is shown in Fig. 13.

Fig. 14 shows the distribution of the resulting field induction when only the U-shaped passive shield
is operating.

Fig. 15 shows the distribution of the resulting field induction when only the active shield is operating.

The distribution of the resulting field induction during the operation of the combined shield is shown
in Fig. 16.

The efficiency of the combined shield is 2—3 units. However, at the edges of the passive shield, the
efficiency of shielding the output magnetic field decreases significantly.

Experimental studies of a combined shield in which the side surfaces of the passive shield are cov-
ered with aluminum sheets are considered.

A laboratory shield setup with five shield surfaces is shown in Fig. 17.

1,40 1,60
1,20 1,40
1,00 S 035220 1207 = ] 7’(?8’2:’ ng »
5 0,80 —— x=0,35, z=0,41 5 100 s 2
= x=0,35, z=0,81 - 0,80 — x=0,35, z=0,81
Q 060 %=0,35, z=1,17 Q 5,60 — —] x=0,35, 2=1,17
0,40 0,40
0,20 0,20
0,00 A 0,00
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Fig. 9. Distribution of the output field induction Fig. 10. Distribution of the resulting field induction
generated by a double-circuit power line when only the U-shaped passive shield is used
with a "barrel’ arrangement of wires
0,70 0,80
0,60 0,70
—x=0,35, z=0 0,60
- 0,50 ! —x=0,35, z=0,41 w050 / *Xf0,35« z=0
3 0,40 = x=0,35, 720,81 3 — =035, 22041
@ 030 B —— =0,35, z=1,17 g v X095, 27081
a® L 2 030 —— . x=0,35, z=1,17
0,20
0,20
0.10 0,10
0,00 A 0,00
0 02040608 1 12141618 2 0 02040608 1 12141618 2
0Y, m oY, m
Fig. 11. Distribution of the resulting field induction Fig. 12. Distribution of the resulting field induction
when only the active shield is operating during operation of the combined shield
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Fig. 13. Distribution of the output field induction Fig. 14. Distribution of the resulting field induction
generated by a single-circuit power line when only the U-shaped passive shield is operating

with a triangular arrangement of wires
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Fig. 15. Distribution of the resulting field induction Fig. 16. Distribution of the resulting field induction
when only the active shield is operating during the operation of the combined shield

The efficiency of shielding the magnetic field generat-
ed by a double-circuit power line with a "barrel" arrangement
of wires is considered. As a result of solving the geometric in-
verse problem of quasimagnetostatics, the coordinates of the
location of two compensating windings of the active shielding
system, as well as the currents and phases in them, were calcu-
lated. Naturally, the distribution of the induction of the output
field generated by a double-circuit power line with a “barrel”
arrangement of wires for this shield is the same as for a solid
U-shaped shield, which is shown in Fig. 9.

Fig. 18 shows the distribution of the induction of the
resulting field when only the passive shield is operating.

Fig. 19 shows the distribution of the resulting field in-
duction when only the active shield is operating.

Fig. 17. A solid passive shield, in which the side
surfaces of the passive shield are covered
with aluminum sheets
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Fig. 18. Distribution of the resulting field induction when Fig. 19. Distribution of the resulting field induction
only the passive shield with five shield surfaces is used when only the active shield is operating
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Fig. 20. Distribution of the resulting field induction Fig. 21. Distribution of the resulting field induction when
during the operation of the combined shield only the passive shield with five shield surfaces is used
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Fig. 22. Distribution of the resulting field induction Fig. 23. Distribution of the resulting field induction
when only the active shield is operating during the operation of the combined shield

Fig. 20 shows the distribution of the resulting field induction during the operation of the combined shield.

The shielding efficiency in the center of the shield with five surfaces is the same as in the case of a shield
without side surfaces and is 2—3 units. However, in the areas at the edges of the passive shield, the shielding effi-
ciency of the output magnetic field decreases significantly less than in the U-shaped shield, which is visible in
Fig. 8. Such an increase in efficiency at the edges of the shield is due to the presence of side shielding surfaces.

The shielding efficiency of the magnetic field generated by a single-circuit power line with a triangu-
lar arrangement of wires is considered.

As a result of solving the geometric inverse problem of quasimagnetostatics, the coordinates of the
location of two compensating windings of the active shielding system were calculated, as well as the currents
and phases in these windings.

Naturally, the distribution of the induction of the output field generated by a single-circuit power line
with a triangular arrangement of wires is the same for this shield as for the solid U-shaped shield, as shown
in Fig. 10.

Fig. 21 shows the distribution of the resulting field induction when only the passive shield is operating.

Fig. 22 shows the distribution of the resulting field induction when only the active shield is operating.

The distribution of the resulting field induction during the operation of the combined shield is shown
in Fig. 23.

The shielding efficiency at the center of the shield with five surfaces is the same as for the shield
without side surfaces and is 2—3 units. However, at the edges of the passive shield, the shielding efficiency of
the output magnetic field decreases much less than that of the U-shaped shield, which is visible in Fig. 12.
Such an increase in efficiency at the edges of the shield is due to the presence of side shielding surfaces.

Conclusions

1. The results of experimental studies of the effectiveness of combined electromagnetic shielding,
including active and passive shielding using the solid shield and the magnetic field, which are based on 3D
modeling, generated in residential buildings by single-circuit power lines with a triangular arrangement of
wires, as well as for double-circuit power lines with a "barrel" arrangement of wires, are given.

2. The designing problem of combined shields is reduced to solving vector "games", in which the
"game cost" vector is calculated using the COMSOL Multiphysics software package. The solutions of these
vector "games" are calculated based on multiswarm optimization algorithms from a set of Pareto-optimal
solutions taking into account binary ratios of the advantages of solutions of local criteria.

3. In the course of designing combined shields to reduce the level of MF generated by overhead power
lines, the spatial coordinates of the two compensating windings, the currents and phases in these windings of the
active shield, as well as the parameters of solid passive shields, U-shaped and with five surfaces, were calculated.

4. The main advantages of using combined electromagnetic shields consisting of active and solid
passive parts are the reduction in the level of induction of the output MF in a much larger area of the shield-
ing space compared to using only an active shield.

5. The practical application of combined electromagnetic shields allows to reduce the level of the
magnetic field generated by the air of power lines inside residential buildings to a level that is safe for the
population living near such power lines.
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Po3paxyHKOBO-eKCIIepUMEHTAJbHI 10CTiTKeHHs e()eKTHBHOCTI KOMOiHOBAHOT0 €JIeKTPOMATHITHOT O
eKpPaHyBaHHSI MArHITHOT0 MOJIA MOBITPSIHUX JiHiH eJlekTponepenayi

1. B. boBnayii

[HCTUTYT €HEPTeTUIHUX MAIWH 1 cucTeM im. A. M. ITigropaoro HAH Ykpainu
61046, Ykpaina, M. XapkiB, Bys1. KomyHansHUKIB, 2/10

s niosuwenns eghexmueHOCmi 3HUNCEHHSL MAZHIMHO20 NOJIS NPOMUCTOB0T YaACmMOomu, Cmeopiogano2o nogim-
PAHUMU TTHIAMU eTeKMPonepeoayi 8 JHCUmiosux OYOUHKAX, NPoBeOeHO eKCnepUMeHmMAantbHi 00CAI0NCEHHS 34 pe3yibma-
mamu 3D MoOenoeanus npu 3aCmMocy8anii KOMOIHOBAHO20 eLeKMPOMASHIMHO20 eKPAHY, SIKULL CKAA0AEMbCs 3 AKMUG-
HOI ma nacugnoi wacmun. 3adava npoexmysantss KOMOIHOBAHO20 ENeKMPOMASHIMHO20 eKPAHY, SIKU CKIA0AcmbCsl 3
pobacmuoi cucmemu AKmMuU8HO20 eKPAHY8AHHs MA eleKMPOMACHIMHO20 NACUBHO20 €KPAMY, GUPIUYEMbC HA OCHOGI
bacamoxkpumepiansHoi anmazonicmudnol epu 080X 2pasyis. Bexmop guepautie 2pu po3paxo8yemuvcsi 3 6UKOPUCTIAHHIM
cucmemu Kinyego-enemenmuux oouuciens COMSOL Multiphysics, a po3s’s3anns epu — 3 3aCMOCY8AHHAM Al2OPUMMIB
onmumizayii myrbmupoie uacmunok. Ilpu npoekmyeanni KOMOIHOBAHUX eNEKMPOMACHIMHUX eKPAHIE PO3PAXO8YIOMbCS
KOOPOUHAMU NPOCMOPOBO20 PO3MAULYEAHHSL eKPAHYIOHUOI 0OMOMKU, cmpyMU i pasu 8 eKpaHyouux 0OMomkax pobacm-
HOI' cucmemu aKmueHO20 eKpamy8anHs, d MaKoliC 2eOMEempUYHi pO3MIpU | MOGUWUHA eLeKMPOMASHIMHO20 NACUBHO20
expany. Hagedeno pesyromamu eKcnepumMeHmanbHux OOCAIONCEHb eheKmueHOCmi eKpanyeanis MAZHImMHO20 NOJis 3
suxopucmanuam 3D modenoeanns s HCumio8020 OYOUHKy ma AiHii ereKkmponepeoayi, npu 3acmocy8anti KoMOIHO-
6AHO20 €NEKMPOMASHIMHO20 eKPAHYBAHHS, 3 AKMUBHOIO Ul NACUBHOIO YacmuHamu. Bnepuie, 3 memoro niosuujenns eghe-
KMUSHOCMI KOMOIHOBAHO20 €LeKMPOMACHIMHO20 eKPaHy, SIKUll CKAa0acmvcsi 3 aKmueHoi ma NacueHol wacmus, ma
npUsHadeHuti OJisi 3HUMNCEHHS] MACHIMHO20 NOJISL NPOMUCTIOBOT YACMOMU, CIBOPIOBAHO20 NOBIMPSHUMY JIHIAMU eNeKn-
ponepeoadi 8 HCUMA08Ux 6YOUHKAX, NPOBEOEHO eKCNEPUMEHMANbHI 00CTiOdNce s 3 sukopucmanuam 3D modentosanms.
3a pesyrbmamamu eKCnepUMEHMAIbHUX OOCIIONCEHb, BUSHAUEHO epEeKMUBHICIb eKPAHYBAHHS BUXIOHO20 MACHIMHO20
NOJIsl, 6CMAHOBNIEHO, WO KOeDIYiEHm eKPAHYBAHHS eNeKMPOMACHIMHO20 NACUBHO20 eKPAaHA OOPIGHIOE biible 080X 00uU-
HUYb, a eEeKMUGHICMb CUCMEMU 3 AKMUSHUM eKPAHOM — Oliblie YOMmUPboX 0OUHUYb, a OJisi CUCEMU 3 KOMOIHOBAHUM
ENeKMPOMASHIMHUM RACUGHUM | AKMUBHUM eKPAHOM CIMAaHOo8ums nonad 10 oounuysb. JJosedena ModICIusicms 3HUICEH-
HSl PIBHSL THOYKYIT MACHIMHO20 NOJISL 8 ACUMI0B80MY OVOUHKY 8i0 JIHIU eneKmponepeoayi npu UKOPUCAHHT KOMOIHO8A-
HO20 eleKMPOMAZHIMHO20 NACUBHO20 Ui AKMUBHO20 eKPANYBAHHS 00 Oe3NeUH020 05l HACENIEeHHSL PIGHSL.

Kniouosi cnosa: nogimpsaua ninis erekmponepedaui, macnimue none, 3D mooentosanms KOMOIHOBAHO20 e/leK-
MPOMASHIMHO20 NACUBHO20 MA AKMUBHO20 eKPAHYBAHHSA, eKCHEPUMEHMANbHI 00CNIONHCEHHS.
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