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Method for design of two-level system of active shielding of power frequency magnetic field
based on a quasi-static model

Aim. Development of method for design a two-level active shielding system for an industrial frequency magnetic field based on a quasi-
static model of a magnetic field generated by power line wires and compensating windings of an active shielding system, including
coarse open and precise closed control. Methodology. At the first level rough control of the magnetic field in open-loop form is carried
out based on a quasi-static model of a magnetic field generated by power line wires and compensating windings of an active shielding
system. This design calculated based on the finite element calculations system COMSOL Multiphysics. At the second level, a stabilizing
accurate control of the magnetic field is implemented in the form of a dynamic closed system containing, in addition plant, also power
amplifiers and measuring devices of the system. This design calculated based on the calculations system MATLAB. Results. The results
of theoretical and experimental studies of optimal two-level active shielding system of magnetic field in residential building from power
transmission line with a «Barrel» type arrangement of wires by means of active canceling with single compensating winding are
presented. Originality. For the first time, the method for design a two-level active shielding system for an power frequency magnetic field
based on a quasi-static model of a magnetic field generated by power line wires and compensating windings of an active shielding
system, including coarse open and precise closed control is developed. Practical value. 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
active canceling with single compensating winding with initial induction of 3.5 uT to a safe level for the population adopted in Europe
with an induction of 0.5 uT. References 53, figures 9.

Key words: overhead power line, magnetic field, quasi-static model, system of active shielding, computer simulation,
experimental research.

Mema. Po3pobka memody npoekmysanisi 080pieHegoi cucmemu akmugHo20 eKpanysants Oisi MAHIMHO20 NOJs NPOMUCTOBOT Yacmomu
Ha OCHOGI KGAZICMamuyHoOi MOOeni MAZHIMHO20 NOJs, SIKe CMBOPIEMbC NPOBOOAMU JIHIL elekmponepeday i KOMNEeHCAyiliHumMu
00MOmMKaMU CUCeMU AKMUBHO20 eKPAHYB8AHHS, 6KIoYaiouu epybe posiMKHyme i moune 3amkuyme ynpaeniuns. Memooonozia. Ha
NnepuiomMy pIeHi NPOSPAMHE KePYEAHHST MASHIMHUM NOJeM 6 PO3IMKHYmIll (opmi 30ICHIOEMbC HA OCHOGI KeazicmamuyHoi mooeni
MA2HIMHO20 NOJIA, 5AKe CMBOPIOEMbCA NPOBOOamMu JiHii enekmponepeoay i KOMHEHCAYIiHUMU OOMOMKAMU CUCTNEMU aKMUGHO20
expanysants. Lle npoexmyeans 6UKOHYEMbCA HA OCHOBI Po3paxyHKoeoi cucmemu ckinuenux enemenmie COMSOL Multiphysics. Ha
Opyeomy pieHi peanizo8ano cmabinizyoye YNpaeiiHHa MASHIMHUM NoJeM 8 POpMi OUHAMIYHOT 3AMKHYMOT cucmemu, wo Micmums, Kpim
06°ckmy  YnpasninHA, MAaKodc NIOCUno8ayi nomydcHocmi ma eumipiosanvii npucmpoi. Lle npoexmyeanns 6uKonyemocsa 6
pospaxynkositi cucmemi MATLAB. Pesynemamu. Hagedeno pezynomamu meopemuyHux ma eKCHepUMEHMATbHUX OO0CAiOANCeHD
ONMUMAanbHOI 080PIEHEEOT cUCmeMU AKMUBHO2O eKPAHYB8AHHS MASHIMHO20 NOJSL 3 OOHIEI0 KOMNEHCYIOU0I0 0OMOMKOIO O ACUMIOBO20
OVOUHKY 610 Oil MACHIMHO20 NOJIsL NUHIL eneKmponepedayi 3 po3mauly8anHamM nposodie muny «boukay. Opuczinanvhicme. Bnepue
3anponoOHOAHO MemoO NPOEKMYBAHHS 0BOPIGHEBOI cUCeMU AKMUBHO20 eKPAHYBAHHA MASHIMHO20 NONA NPOMUCIO60] Yacmomu Ha
OCHOGI  K8A3ICMAMUYHOi MOOeni MAcHIMHO20 NOJA, fAKe CMEOPIOEMbCA Npoeodamu JiHii enekmponepedad i KOMNEHCAYIHUMU
obMOmKaMu cucmemy aKMueHO20 eKpaHy8anHs, 8 uaiadi epyboeo po3iMKHeHo2o i mouHo2o 3axkunymozo ynpaeninus. Ipakmuuna
yinnicmy. [lokazano MOMCIUBICMb 3HUNCEHHS PIGHA THOVKYIT MASHIMHO20 NOJA 8 HCUMTIOBOMY OVOUHKY 6i0 MACHIMHO20 NOAA JiHIT
eflekmponepeoay 3 poO3MauLy8aHHAM npPogoodie muny «O0UKa» 3a 00NOMO2010 OOHIET KOMNEHCYIOHOi 0OMOMKU, 3 NOYAMKO080iT IHOYKYil 6
3,5 mxTn 0o 6e3neurozo pieHa 0 HaceneHHsa, akull npuiinamui ¢ €gponi, 3 inoykyicro 6 0,5 mxTa. bidn. 53, puc. 9.

Kniouoei crosa: mnoBiTpsiHAa JIiHiA eJieKTpomepenadvi, MardiTHe moJie, KBa3icTaTHYHA MoOJesIb, CHCTeMa AKTHBHOIO
eKpaHYBaHHS, KOMII'IOTepHE MOJe/TI0BAHHS, €KCIIEPUMEHTAJIbHI 10C/Ti/uKeHH .

Introduction. The  constantly  accelerating large residential and populated areas. They are densely

technological progress in energy and communications
means that our environment is becoming more and more
saturated with electromagnetic waves of various spectra,
which can threaten human health. The main cause for
concern is the possibility that chronic exposure to low-
level non-ionizing radiation can lead to long-term effects
such as cancer or degenerative diseases of the immune
and nervous systems [1-3].

Therefore in recent years, the terms «electromagnetic
ecology», «electromagnetic pollution of the environmenty
have become firmly established in the topics of scientific
publications, scientific conferences, and public hearings
and in the controversy of social networks. These terms
reflect the awareness of the fact that such presence poses a
threat to human health. Such risks of prolonged exposure to
an electromagnetic field on the human body are assessed by
the World Health Organization and the International
Agency for Research on Cancer [1-3].

The most negative impact on the residential
environment is provided by overhead power lines that cover

distributed in the modern environment of long-term human
stay in residential, industrial and public buildings and in the
residential area. Overhead power lines generate industrial
frequency magnetic field (MF) inside residential buildings
located near power lines, the level of which is often 3-5
times higher than the norms for safe living in the level of the
magnetic field adopted in Europe [4-6].

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. 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, all
over the world, methods are being intensively developed
to reduce the level of the magnetic field in existing
residential buildings located near power lines to a safe
level for the population to live in it [7-23].
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The magnetic field active shielding system is an
automatic control system, with the help of which a
compensating magnetic field is automatically formed,
directed against the original magnetic field, which needs to
be compensated [24-28]. All fundamental results of the
theory of automatic control systems are obtained on the
basis of mathematical models of controlled processes in the
form of systems of ordinary differential equations [29-33].
Analysis and synthesis of control systems for objects, given
in the form of systems of differential equations, is a purely
mathematical problem based on the structure of solving
differential equations in an analytical form, or on numerical
integration methods [34-38].

The cornerstone of the theory of automatic control is to
obtain the time dependences of the parameters that determine
the state of the control object. In the most general case,
mathematical models of control objects can consist of a
composition of subsystems of ordinary differential equations
and partial differential equations [39-43].

Mathematical modeling of an electromagnetic field
reduced to solving a boundary value problem for the
system of Maxwell’s equations [6]. Maxwell’s equations
are a system of partial differential equations. When
modeling the electromagnetic field of power frequency, a
quasi-stationary magnetic field is used, which at each
moment of time is completely determined by the
distribution of electric currents at the same moment of
time and can be found from this distribution in the same
way as it is done in magnetostatics.

The task of synthesizing a magnetic field control
system is usually complicated by significant uncertainties
in the mathematical model of the control object [34-37].
Due to objective circumstances, such as the inaccuracy of
the first level model, unmeasured external and internal
disturbances, the actual values of the output coordinates
will differ from the calculated ones [44-47]. In this
regard, we will consider design of two-level magnetic
field control system.

At the first level, rough control of the magnetic field
is carried out on the basis of a mathematical model of the
first approximation. At the second level, a stabilizing
accurate of the magnetic field is implemented, which aims
to eliminate errors in the output coordinates due to the
inaccuracy of the mathematical model of the first level.

In this regard, we will consider a two-level system of
active shielding of the industrial frequency magnetic field
based on a quasi-static model of the industrial frequency
magnetic field generated by power line wires and
compensating windings of the active shielding system.

The aim of the work is to develop a method for
design a two-level active shielding system for an power
frequency magnetic field based on a quasi-static model of a
magnetic field generated by power line wires and
compensating windings of an active shielding system, and
including rough open-loop and accurate closed-loop control.

Quasi-static model of a magnetic field. Mathematical
modeling of an electromagnetic field in general terms can be
reduced to solving a boundary value problem for Maxwell

partial differential equations system [6]
rotH=j+0,D+j,,; (1)
rot E=-0,B, 2)

where E is the electric field strength, H is the magnetic
field strength, D and B are the electric and magnetic
induction vectors, j — conduction current density,
Je — density of extraneous currents created by sources
outside the area under consideration.

The first equation expresses the generalized Ampere
law, which states that the total current density is a vortex of
magnetic field strength. The second equation contains a
differential formulation of Faraday law that the change in
time of magnetic induction generates a vortex electric field.

In particular, the magnetic field induction in the
immediate vicinity of the wires depends on two spatial
variables and changes harmoniously with time and
therefore satisfies the second-order elliptic equation

Of1oB) of1%B —(ja)a—a)zg)BzO, 3)
ox\uox ) oy\uoy

where u — relative magnetic permeability, @ — circular
frequency of the electromagnetic field, o — electrical
conductivity, &— relative dielectric constant.

An intermediate position between a constant field and
a rapidly changing field is occupied by the so-called quasi-
stationary field, which is of particular importance in
technical applications. A quasi-stationary field is such an
electromagnetic field, in the study of which displacement
currents can be neglected in comparison with conduction
currents. Maxwell equations for a quasi-stationary field are

rotH = j+ j,,.; 4)
rot E=-0,B . 6)
It follows from the first equation of this

approximation that the quasi-stationary magnetic field at
each given moment of time is completely determined by
the distribution of electric currents at the same moment of
time and can be found from this distribution in exactly the
same way as it is done in magnetostatics.

To assess the impact of the magnetic field of power
lines on the environment, most calculations were
performed [33-41] based on the Biot-Savart-Laplace’s
law for elementary current

dH (1) = Lt)S(dl xR), (©6)
47R

where the vector R is directed from an elementary segment
d/ with a total current /(¢) to the observation point P(x, y, z).
Then the total field strength vector is equal to:

H(P,1)= 1) | (d>R) (7

3
47[L R

This formula is widely used to calculate the
magnetic field of air power transmission lines instead of
Maxwell equations system.

Thus, the dependence of the magnitude of the MF
intensity on the current is static and is described by (7).

In conclusion, we give one more form of writing a
quasi-stationary model of an electromagnetic field those
changes in time according to a sinusoidal law. The basic
equations and methods for their solution can be significantly
simplified by excluding from consideration one of the
independent variables — time [6]. When analyzing such
fields, a symbolic method is used and harmonically
changing quantities are written in complex form
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I(x,1) = A(x)el™ (8)

where A(x) is the field amplitude.
First level control system synthesis. The block
diagram of a two-level control system is shown in Fig. 1.
disturbance

Fig. 1. The block diagram of a two-level control system

At the first level, program controller C, in the form
of an open loop rough control u, is carried out on the
basis of a quasi-static mathematical model of the first
approximation. At the second level, a stabilizing accurate
controller C, is implemented in the form of a closed loop
control u, based on the equations of the dynamics of a
closed system, taking into account models of actuating
and measuring devices, disturbances and measurement
noise, and aimed at eliminating errors in the output
coordinates due to the inaccuracy of the mathematical
model of the first level.

The magnetic field generated by the power line must
be reduced to a safe level. With active shielding with help
compensation windings, it is necessary to generate a
magnetic field directed against the original MF generated
by the power transmission line. The task of the active
shielding system design is to calculate the coordinates of
the spatial arrangement of the compensating windings, as
well as the magnitudes of currents and their phases in the
compensating windings.

We set the currents amplitude 4; and phases ¢; of
power frequency o, wires currents power lines. Then we
set wires currents in power lines in a complex form

L(t)= 4; exp j(ot + ;). )

The magnitude of the currents of power lines do not
remain constant and have daily, weekly, seasonal and
annual fluctuations. Moreover, the magnetic field
generated by multi-circuit transmission lines and groups
of transmission lines, when changing currents, changes
not only the intensity, but also the spatio-temporal
characteristic. Therefore, we introduce the vector J of
uncertainties of the mathematical model of the magnetic
field. Then, for given currents (9) of the wires of a power
transmission line or a group of power lines the vector
B;(Q,0,t) of the magnetic field generated by all power
lines wires B(Q;9,?) in point Q; of the shielding space
calculated based on Biot-Savart’s law (8)

B1(0,.0.1)=2 B(0;.0.1). (10)

Let’s set the vector X of initial geometric values of
the dimensions of the compensating windings of active
shielding, as well as the currents amplitude 4,; and phases
¢4 1n the compensating windings. We set the currents in
the compensating windings wires in a complex form

Iai(t):Aaiexpj(wt+¢)wi)' (11)

Then the vector Bi(Q;,X1,f) of the magnetic field

generated by all compensating windings wires of active

shielding B (0., X1,f) in point Q; of the shielding space
can also calculated based Biot-Savart’s law

B(01. X1.1)= Y By;(0;. X).1). (12).

Then the vector Bz (0;,X),0,f) of the resulting

magnetic field generated by power lines and only

windings of the first level active shielding system
calculated as sum
By (0, X1,6,t)= B (0;,0,0)+ By(0;, Xy,1).  (13)
Sanitary norms usually limit the value Bz (Q;,X,0)
of the effective value of the magnetic field induction,
which determined by the vector of the instantaneous
value Bz (0:,X1,0,f) of the magnetic field induction

T
2 |1
BRI(QiaXlaé):—{ ?“BRI(QiaXlaéatlzdt- (14)
0

Often they also limit the semi-major axis of the
ellipsoid of rotation of the magnetic field induction vector

2
BRI(QiaXbé):TOIE?}T'BRI(QIGX]’&JX- (15)

Then the problem of designing a first level control
system is reduced to computing the solution of the vector
game

Bpi(X,,0) = (B (0;. X),9)) (16)

The components of the game  payoff
vector Bz (X1,0) are the effective values Bg(0;,X1,0) of
the induction of the resulting magnetic field 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 (16) by the vector X,
but the maximum of the same game payoff vector (16) by
the vector 0.

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

G(X))<Ghax» H(X;)=0. (17)

Note that the components of the vector game (16)
and vector constraints (17) are the nonlinear functions of
the vector of the required parameters [5, 6] and calculated
based on the finite element calculations system COMSOL
Multiphysics.

Second level control system synthesis. Consider
the structure of the second level active shielding system in
the form of a dynamic closed system containing, in
addition plant, also power amplifiers and measuring
devices of the system. In the zone of active shielding of
the magnetic field, m sources of the magnetic field —
magnetic executive bodies — are installed. Let’s introduce
a n — dimensional control vector up(f), the m components
of which are the currents 7,(¢) in the control windings.
Let’s introduce an n — dimensional state vector xp(f)
whose components include currents 7,(f) in the windings
of magnetic field sources. Then the state equation of such
magnetic field sources can be written in the standard form

x,(t+1)=4,x,(t)+ B,up(t), (18)

1,(6)=Cpx,(0), (19)

in which the state Ap, control Bp and output Cp matrices
of magnetic field sources as plant.
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This differential equation describes the dynamics of
only the actual windings and their power sources as plant.

Let’s write down the differential equation of state of
discrete PID controllers, the input of which is the ug(f) of
measured magnetic field induction components, and the
output up(f) is the vector of closed-loop control of
magnetic executive bodies in the following form

x.(t+1)= A.xc(t)+ Boug (t); (20)

up(t)= Cexc(t), 2n

in which the state 4, control B¢ and output C¢ matrices
of PID controllers.

To design second level active shielding system, it is
necessary to have magnetic field measuring devices —
magnetometers installed at certain points in space to
measure the magnetic field Hg(?) created both by the output
transmission line and by the executive windings of the
active shielding system. Let’s form a vector ugf) of
measured components at the moment of time ¢ at the
points P; of installation of magnetometers in the following
form

x(t4+1) = Agxg(t)+ BgH(2); (22)

ug(t)=Coxs(t)+w(), (23)
in which the state Ag, control Bg and output Cg matrices of
magnetometers.

Let’s introduce the vector X, = {A¢, B¢, Cc} of
sought parameters, the components of which are the
sought elements of the state 4¢, control B¢ and output C¢
matrices of PID controllers of second level active
shielding system.

Then for the current 7,(¢) calculated by (19) in the
windings the vector By(0;X,f) of the magnetic field
generated by all compensating windings wires of second
level active shielding B,{Q;,X>,f) in point Q; of the
shielding space can also calculated based Biot-Savart’s law

By(01. X5.t)= " By, (01. X.1). (24)
Then the vector Br(Q;,X,X5,0,f) of the resulting
magnetic field generated by power lines and windings of

both first and second level active shielding system
calculated as sum

BR(Qi7X17X276’t)= BL(Qiaaat)Jr"’

.+ B0, X.1)+ B,y (0:, X5, 1)

Note that equations (18) — (25) describe the dynamics
of a closed second level active shielding system.

Then the problem of designing a second level
control system is reduced to computing the solution of the
vector game

(25)

Bp(X,0)=(Bp(Qn X X0,0).  (26)
The components of the game  payoff
vector Bp(X5,0,t) are the effective

values Bp Qi,Xl* , X 2,5) of the induction of the resulting
magnetic field at all considered points Q; in the shielding
space calculated for the optimal value of the vector X 1* of

parameters of first level active shielding system.

Then the synthesis of the two level system of active
shielding of the magnetic field, which includes open and
closed control circuits, is reduced to finding the X, and
the X, of the parameters of the controllers.

Problem solving algorithm. A feature of the
solution of the considered multi-criteria problem is
inconsistency of local criteria to each other, which
prevents the simultaneous optimization in general by all
criteria at the same time [44]. This is due to the fact that
minimizing the induction at one point, for example,
located in the center of the screening space, leads to an
increase in the induction at the points located closer to the
power line due to overcompensation of the original
magnetic field, and at the same time leads to an increase
in the induction of the resulting magnetic field at points
located farther than the power line due to
undercompensation of the original magnetic field.

This means that one goal cannot be optimized at the
expense of another goal. To solve the problems of
multicriteria optimization, various strategies have been
developed and each approach has its own pros and cons,
and there is no single best option for solutions to multi-
criteria optimization in the general case. The simplest
method for solving the problem of multi-objective
optimization is to form a composite objective function as
a weighted sum of goals, where the weight for goals is
proportional to the preference for this local criterion.
Scalarization of the target vector into one component
objective  function transforms the multiobjective
optimization problem into a single optimization goal.

Usually, the maximum values of partial criteria are
known, which makes it possible to perform normalization.
In this case, the normalized partial criteria are in the range
0 < Br(0:,X) < 1. Approximation of the normalized
value of the i—th particular criterion to unity corresponds
to a tense situation. If the value of the normalized value of
the particular criterion approaches zero, then this
corresponds to a calm situation. To solve this problem of
multicriteria optimization, the simplest non-linear trade-
off scheme is used, in which the original multi-criteria
problem is reduced to a single-criteria

J
X" = argfninzai[l_BRN(Qi»X)Tl ;
X =l

@7

where ¢; are weight coefficients that characterize the
importance of particular criteria and determine the
preference for individual criteria by the decision maker.
Naturally, such a formalization of the solution of the
problem of multi-criteria optimization by reducing to a
single-criteria problem allows one to reasonably choose
one single point from the area of compromises — the
Pareto area. 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.

Note, that such a nonlinear scheme of trade-offs
actually corresponds to the penalty function method with
an internal point, since when the criterion B(Q;X)
approaches unity, i.e. in a tense situation, scalar
optimization is actually performed only according to this
tense particular criterion, and the remaining criteria with a
calm situation are practically not taken into account
during optimization.

Such a non-linear trade-off scheme allows you to
choose criteria in accordance with the intensity of the
situation. If any criterion comes close to its limit value,
then its normalized value approaches one. Then this non-
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linear compromise scheme, in fact, with the help of a scalar
criterion, reduces the problem of minimizing the sum of
criteria to minimizing this one criterion, according to which
there is a tense situation. If, according to other criteria, the
situation is calm and their relative values are far from unity,
then such a non-linear compromise scheme operates
similarly to a simple linear compromise scheme.

Thus, with the help of this non-linear scheme of
compromises, in fact, the tension of the situation according
to individual criteria is a priori introduced into the scalar
criterion. It can be shown that this non-linear compromise
scheme satisfies the Pareto-optimality condition, i.e. using
this scheme, it is possible to determine a point from the
region of unimprovable solutions. When such a composite
objective function optimized, in most cases you can get one
concrete compromise solution. This processing procedure
multiobjective optimization problems are simple, but
relatively subjective. This procedure is based on
preferences multipurpose optimization.

The second approach is to define the entire set
solutions that are not dominated with respect to each
another. This set is known as the Pareto optimal set. Bye
moving from one Pareto solution to another, always a
certain number of victims in one or more goals to achieve
a certain gain in other(s). Pareto-optimal solution sets are
often preferred over single solutions because they can be
practical when consideration of real life problems. Pareto
set size usually increases with an increase in the number
goals. The result obtained preference-based strategy
largely depends on the relative a preference vector used in
the formation of a composite function. Changing this
preference vector leads to another compromise solution.
On the other hand, the ideal multipurpose the
optimization procedure is less subjective. The main task
in this approach is to find as many different compromises
as possible solutions as far as possible.

Let’s consider the method of solving the formulated
problem. In order to correctly solve the problem of multi-
criteria optimization, in addition to the vector
optimization criterion and constraints, it is also necessary
to have information about the binary relations of
preference of local solutions to each other. The basis of
this formal approach is the construction of areas of
Pareto-optimal solutions. This approach makes it possible
to significantly narrow the range of possible optimal
solutions to the initial multi-criteria optimization problem
and, therefore, to reduce the labor intensity of the person
making the decision regarding the selection of a single
variant of the optimal solution.

The task of finding a local minimum at one point of
the considered space is, as a rule, multi-extreme,
containing local minima and maxima, therefore, it is
advisable to use stochastic multi-agent optimization
algorithms for its solution. Consider the algorithm for
finding the set of Pareto-optimal solutions of multi-
criteria nonlinear programming problems based on
stochastic multi-agent optimization.

To date, a large number of Particle Swarm
Optimization (PSO) algorithms have been developed —
PSO algorithms based on the idea of the collective
intelligence of a particle swarm, such as the gbest PSO
and Ibest PSO algorithms [48-50]. The application of

stochastic multi-agent optimization methods for solving
multi-criteria problems today causes certain difficulties
and this direction continues to develop intensively.

To solve the original multi-criteria problem of
nonlinear programming with constraints, we will build a
stochastic multi-agent optimization algorithm based on a
set of particle swarms, the number of which is equal to the
number of components of the vector optimization
criterion. In the standard particle swarm optimization
algorithm, particle velocities change according to linear
laws. In order to increase the speed of finding a global
solution, special nonlinear algorithms of stochastic multi-
agent optimization have recently become widespread, in
which the movement of particle i swarm j is described by
the following expressions

v,-j(t+l) = wjv,-j(t)+ Cle1j(f)H(P1j —51j(t))><

...><[yij(t)—xij(t)]+czjr2j(t)H( 2 —82‘/(1‘))><... (28)
L y;(t)—xij(t)T;
xj(t+1) = x5 (e)+ vy (£ +1), (29)

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

velocity component. Here, y;(¢) and yj- — the best local-

Ibest 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 to improve the quality of the
optimization process.

The Heavyside function H is used as a function of
switching the movement of the time-stick in accordance

with the local y;(¢) and global y; (t) optimum. Parameters

of switching the cognitive py; and social p,; components of
the speed of particle movement in accordance with the
local and global optimum; random numbers &,(f) and
&(f) determine the parameters of switching the movement
of the particle according to the local and global optimum.
If p<e|(f) and p,<e,(?), then the speed of movement of
particle i swarm j does not change at the step ¢ and the
particle moves in the same direction as in the previous
optimization step.

With the help of individual swarms j, optimization
problems of scalar criteria B(X,P;), which are components
of vector optimization criteria, are solved. To find a
global solution to the original multi-criteria problem,
individual swarms exchange information among
themselves during the search for optimal solutions of
local criteria. At the same time, information about the
global optimum obtained by the particles of another
swarm is used to calculate the speed of movement of the
particles of one swarm, which allows all potential Pareto-
optimal solutions to be identified [51-53].

For this purpose, at each step ¢ of the movement of
particle i swarm j, the functions of advantages of local
solutions obtained by all swarms are used. The

solution X;(t) obtained during the optimization of the
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objective function B(X(?),P;) wusing the swarm £k

is X;(t)>— XZ(I) better in relation to the solution

obtained during the optimization of the objective function
using the swarm j, i.e., if the condition is fulfilled

maxB(Pl-,X;(t))< maxB(Pl-,XZ(t)). (30)
i=l,m i=l,m

At the same time, the global solution XZ(t)
obtained by the swarm k is used as the global optimal

solution X:- (t) of the swarm j, which is better than the

global solution X, ,t (t) of the swarm £ on the basis of the

weight ratio.

In fact, this approach implements the basic idea of
the method of successive narrowing of the area of rade-
offs — from the initial set of possible solutions, based on
information about the relative importance of local
solutions, all Pareto-optimal solutions that cannot be
chosen according to the available information about the
attitude of superiority. The deletion is carried out until a
globally optimal solution is obtained. As a result of
applying such an approach, no potentially optimal
solution will be removed at each narrowing step.

Simulation results. Let us consider the results of the
design of a two-level system of active shielding of the
magnetic field generated by a double-circuit power line in
a residential bu1ld1ng, as shown in Fig. 2.

Fig. 2. Re31dent1al building closed to doubleCIrcult power line

Figure 3 shows the scheme of the two-level active
shielding system design.

Arrangement of active elements

5

Fig. 3. Scheme of the two-level active shielding system design

Figure 4 shows the dependences of the initial and
resulting magnetic field. With the help of the system, the

level of the magnetic field does not exceed the level of
0.5 uT, which is accepted as a safe level of the magnetic
field in Europe.

Field before (red) and after (blue) compensation, on level z=25m

15 155 16 165 17 75 18 185 19 195 20
Fig. 4. Dependences of the initial and resulting magnetic field

Figure 5 shows the dependences of the spatio-
temporal characteristic of the initial and resulting
magnetic field and the magnetic field generated only by
the compensation winding.

. Bz,HT Field at point x=16m, z=25m

initial MF

2-MF g'enera'ted on'Iy p
by the compensatlon :
-3+-winding

4 i i i i i i i BonT
4 -3 2 -1 0 1 2 3 4
Fig. 5. Dependences of the spatio-temporal characteristic of the
initial and resulting magnetic field and the magnetic field
generated only by the compensation winding

Results of experimental studies. Let us now consider
the results of experimental studies of the system. On Fig. 6
shows the compensation winding of the experimental setup.

Fig. 6. Compensatlon winding of the experimental setup

On Fig. 7 shows the control system of the
experimental setup.

On Fig. 8 shows the experimental spatio-temporal
characteristic of the initial magnetic field.

On Fig. 9 shows the experimental spatio-temporal
characteristic of the resulting magnetic field. On the basis
of experimental studies of the experimental installation of
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a two-level active shielding system, it was found that the
shielding factor is more than 7 units.

CH1 100mY  CH2 100mY s Maod
Fig. 8. Experimental spatio-temporal characteristic of the initial
magnetic field

CH1 50.0mY CHZ2 S0.0mV &Y Mod
Fig. 9. Experimental spatio-temporal characteristic of the
resulting magnetic field

If it is possible to measure the current of the current
line of three-phase power lines or to directly measure the
induction of the magnetic field near the current line, then
an open system of active shielding can be built on the
basis of these measurements.

Conclusions.

1. At the first level rough control of the magnetic field
in open-loop form is carried out based on a quasi-static
model of a magnetic field generated by power line wires
and compensating windings of an active shielding system.
This design calculated based on the finite element
calculations system COMSOL Multiphysics.

2. At the second level, a stabilizing accurate control of
the magnetic field is implemented in the form of a dynamic
closed system containing, in addition plant, also power

amplifiers and measuring devices of the system. This design
calculated based on the calculations system MATLAB.

3. Design both first and second level control according
to the developed method reduced to computing the
solution of vector multi-criteria two-player zero-sum
antagonistic game based on binary preference relations.
The payoff game vector and constraints calculation based
on quasi-static model of a magnetic field. These solutions
calculated from sat of Pareto-optimal solutions based on
binary preferences based on stochastic nonlinear
Archimedes algorithms.

4. Two-level control system under consideration is a
system with two degrees of freedom, which combines
both open-loop and closed-loop control. However, in
contrast to the classical synthesis of robust control of a
system with two degrees of freedom, in the developed
method, the synthesis of open-loop rough control is
performed on the basis of a quasi-static model of the
magnetic field. The synthesis of a closed-loop accurate
control is carried out on the basis of the equations of the
dynamics of a closed system, taking into account models
of actuating and measuring devices, disturbances and
measurement noise.

5. Using calculated optimal two-level active shielding
system made it possible to reduce the level of magnetic
field in residential building from power transmission line
with a «Barrel» type arrangement of wires by means of
active canceling with single compensating winding with
initial induction of 3.5 pT to a safe level for the
population adopted in Europe with an induction of 0.5 uT.
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