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Optimization of combined active-passive electromagnetic shielding system for overhead power
lines magnetic field normalization in residential building space

Problem. Normalization of overhead power lines magnetic field level in residential building. Goal. Normalization of overhead power
line magnetic field by optimization of combined electromagnetic shielding system, consisting of active and passive parts, in
residential building space based on magnetic field three-dimensional model. Methodology. Optimization of combined
electromagnetic shielding system for initial magnetic field three-dimensional model solved based on multi-criteria two-player
antagonistic game solution. Game payoff vector calculated based on finite element calculations system COMSOL Multiphysics
package. Game solution calculated based on particles multiswarm optimization algorithms. Results. The results of theoretical and
experimental studies of combined electromagnetic passive and active shielding system for magnetic field three-dimensional model in
residential building from two-circuit overhead power transmission line with wires «Barrely type arrangement presented. Scientific
novelty. For the first time the method for normalization of overhead power lines magnetic field in residential building space based on
optimization of combined active-passive electromagnetic shielding system for magnetic field three-dimensional model developed.
Practical value. Spatial location coordinates of shielding winding, currents and phases in shielding winding of robust active
shielding system, geometric dimensions and thickness of electromagnetic passive shield calculated during optimization of combined
electromagnetic shielding system for magnetic field three-dimensional model. References 49, figures 13.
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Ilpobnema. Hopmanizayia piensa MazHimHO20 NOAs NOGIMPAHUX JIHIU eleKkmponepeoadi 6 owcumnogux oOyounkax. Mema.
Hopmanizayis piens maznimnozo noaa nosimpsaHux JNinil eiekmponepeoayi Wiaxom OnmumMizayii KOMOIHO8AHOI eneKmpPoOMAeHIMHOT
expanyiouoi cucmemu, Wo CKIAOAEMbCA 3 AKMUBHOI MA NACUBHOI HYACMUH, Y NPOCMOPI JCUMNOBUX NPUMiljeHb HA OCHOBI
MpueUMipHoi modeni maeHimuozo nois. Memooonozia. Onmumizayis KoMOIHOBAHOI eNeKMPOMASHIMHOI eKpaHylouoi cucmemu
MPUBUMIPHOT MOOeNT BUXIOHO20 MAZHIMHO20 NOJIS PO3PAX0BYEMBCS HA OCHOBI PileHHs OA2amoKpUmMepiarbHoi AHMAa2OHICMUYHOT 2pu
060x epasyis. Bekmop suepawiis epu po3paxogyemvcs HA OCHOGI Kinyego-enemenmuoi cucmemu oouuciens COMSOL Multiphysics.
Piwenns epu po3paxogyemvcsi HA OCHOSL aneopummie onmumizayii Myremupois wacmunok. Pezynemamu. Haseoeno pesynomamu
meopemuyHux ma eKCcnepuMeHmaibhux OocCHioNceHb KOMOIHOBAHO eNleKmpoOMAasHimHOl cucmemu RNACUBHO2O MA AKMUBHO2O
EeKPAHYBAHHS MPUSUMIPHOI MOOeNT MAZHIMHO20 NOA 8 HCUMA0BOMY OYOUHKY 8I0 0801AHYI020601 NOGIMPAHOI NiHIi enekmponepeday
i3 posmauiy8anHam npoeodie muny «bouxay. Haykoea noseusna. Bnepwe pospobreno memoo nopmanizayii macHimmnozo noius
NOBIMPAHUX TIHIU eleKmponepeoayi  HCUMI080MY NPUMILEHH] HA OCHO8I ONMuUMi3ayii KOMOIHO8AHOT AKMUBHO-NACUBHOI cuceMu
e1eKmpOMAazHIMHO20 eKpanysants mpusumipHoi mooeni maznimuozo nona. Ipaxmuuna snauumicme. Koopounamu pozmauty8anis
eKpanyouux 06Momox, cmpym i ¢aza 8 eKpanyouux 06Momkax pobacmuoi cucmemu aKMUBHO20 eKPAHYBAHHA, MA 2eOMemPUYHI
PO3MIpU | MOBUUHA eIeKMPOMASHIMHO20 NACUBHO20 eKPAHY PO3PAX0BYIOMbCA NPU ONMUMI3AYIT KOMOIHOBAHUX eNeKMPOMACHIMHUX
EKPAHYIOUUX CUCEM MPUSUMIPHOT Modeli maznimuo2o nons. bion. 49, puc. 13.

Knouosi cnosa: noBiTpsina JiiHis ejekTponepeaayi, MarHirHe moJie, KOMOiHOBaHA eJIEKTPOMATrHITHA aKTHBHA Ta MaCHBHA
CHCTeMA eKPAHYBAHHSI, KOMII'IOTEPHE MOJeJII0BAHHS, €eKCIIEPUMEHTAIbHI J0C/Ii/KeHHSI.

Introduction. Many residential buildings in Ukraine
are located in close proximity to overhead power lines.
Induction level in such houses is many times higher than
modern standards for industrial frequency magnetic
induction level for safe living [1-3].

Most often, single-circuit power lines with a
triangular arrangement of wires located near single-story
old buildings. Double-circuit power lines with a «Barrel»
type of wire arrangement also often located near single-
story and multi-story residential buildings of old
construction, as shown in Fig. 1.

{

Fig. 1. A multi-storeys residential uilding located near a
double-circuit power line

One of most economically justified approaches to
further operation of high-grade residential buildings
without eviction of population or replacement of existing
overhead power lines with underground cable power lines
used of original magnetic field modeling and shielding to
safe level for habitation [4—7].

To implement necessary shielding factor of initial
magnetic field, it is necessary to use active shielding [8—18].
To increase the effectiveness of shielding, especially in
long-distance residential buildings, it is advisable to use
combined shielding of the initial magnetic field, including
active and passive shielding [19].

The diagram of such combined electromagnetic
active-passive shielding system shown in Fig. 2.

The active shielding system contains shielding
windings, amplifier, control system and a magnetic field
sensor installed inside the shielding space. An external
power source used to power the active shielding system.

This magnetic field sensor, which installed inside
the shielding space, measured resulting magnetic field
generated by power line and combined electromagnetic
active-passive shielding system inside shielding space.

The source of energy for passive shielding system is
the external electromagnetic field acting on the passive
electromagnetic shield. This external magnetic field for
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the passive shield generated by power transmission line
wires and compensation windings of electromagnetic
active shielding system. Under the influence of this
primary magnetic field, currents induced in the passive
electromagnetic shield, which create a secondary
magnetic field. This secondary magnetic field directed
opposite to the original primary field.

High voltage power lines (HVPL)

H(x,.t) - initial Magnetic Field

\ B
™. H o (x,.4) — compensation cail
magnetic field

Passive shieldings

Buildiri
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Fig. 2. Combined electromagnetic active-passive shielding
system diagram

The resulting magnetic field, which is equal to the
sum of the primary magnetic field generated by power
transmission line wires and compensation windings, and
the secondary magnetic field generated by the passive
screen, will be less than the initial magnetic field. Due to
this reduction in the resulting magnetic field, the shielding
effect of the combined active-passive electromagnetic
shielding system achieved.

Note that since the active and passive shielding
systems influence each other, when optimizing the
combined active-passive electromagnetic  shielding
system, it is necessary simultaneously optimize both the
parameters of the active and the parameters of the passive
electromagnetic system to achieve the minimum resulting
magnetic field in the shielding space.

Often, to increase the efficiency of shielding the
original magnetic field using such hybrid electromagnetic
active-passive shielding system, the active shielding
system designed as a system with two degrees of freedom.
In this case, two closed and open control loops used
simultaneously. To implement open-loop control, another
magnetic field sensor used to measure the initial magnetic
field, which installed outside the shielding space. This
magnetic field sensor usually installed away from the
shielding space but close to power transmission line wires
in order to reduce the influence of compensation winding
currents of active shielding system.

When designing electromagnetic shielding systems,
two geometric problems of magnetostatic’s solved [12, 13].
First, a geometric forward problem of magnetostatics
solved when, for given values and geometric arrangement
of sources of industrial frequency magnetic field, the
magnetic field induction calculated at given points of the
shielding space. This geometric forward problem
calculated effect from magnetic field source of a given
power and located in a given «geometric» position at
points in the shielding space.

The geometric inverse problem of magnetostatics
calculate the power and «geometric» position of industrial
frequency magnetic field sources that generate a given
magnetic field at given points in the shielding space. Thus,
in the course of solving a geometric inverse problem, it is
necessary to calculate not the result, but the cause that leads
to a given result. Naturally, a geometric inverse problem is
an uncorrected problem and can have many solutions. As a
rule, solving a geometric inverse problem reduced to
solving an optimization problem [20-23].

The work [19] considered issues of synthesis of
systems for combined magnetic field shielding in a two-
dimensional formulation. In this case, shielding is
assumed in the central section of residential buildings.

However, when magnetic field shielding in
residential buildings, it is necessary to reduce magnetic
field induction level to a safe level in apartments located
at edges of house.

Most studies carried out based on two-dimensional
magnetic field model, which does not allow studying
effectiveness decrease of original field shielding in
residential building edges [8-18]. This determines the
formulation and solution of problem of design of
combined electromagnetic  active-passive  shielding
system in three-dimensional formulation.

The goal of the work is normalization of overhead
power line magnetic field by optimization of combined
electromagnetic shielding system, consisting of active and
passive parts, in residential building space based on
magnetic field three-dimensional model.

Definition of geometric forward magnetostatic
problem for overhead power lines and compensating
winding  magnetic  field. @ Geometric  forward
magnetostatic problem calculates the consequence — the
magnetic field at a given point in space, generated by a
given source of magnetic field located at a given
«geometric» point in space. This problem is solved on
basis of Maxwell’s law is a mathematically correct
problem and calculated exactly.

Geometric forward magnetostatic problem for
overhead power lines and compensating winding magnetic
field is to calculate magnetic field at any point in space for
given magnetic field sources. Mathematical modeling of
magnetic field reduced to boundary value problem solution
for electromagnetic field with a known distribution of its
sources in the volume or on the surface of the given area
[4-6]. To correctly solve this problem, it is necessary, first
of all, to choose a physical model of this process, which
covers its main aspects. Physical model should be one of
Maxwell equations full system simplifications. Maxwell
equations describing electromagnetic fields in media with
continuous or piecewise-continuously changing properties
are the basis for analytical and numerical modeling of any
electromagnetic processes, both in vacuum and in material
media [7].

To simplify high-voltage power transmission lines
magnetic field mathematical mode, the phase’s wires taken
in infinite long form and thin straight conductors, which
allows two-dimensional magnetic field model used which
contains two spatial components along axes and does not
depend on coordinate along which power line wires
conductors located. However, in this task, controlled
windings vertical sections of active shielding system create
significant projections of magnetic field intensity vector,
which constitute, along coordinate , which determines
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three-dimensional magnetic field model used. Such model,
in addition, also allows take into account magnetic field
intensity vector component along coordinate, created by
power lines due to their sagging between supports.

When calculating current magnetic field quasi-static
approximation of Maxwell equations system [4-7] is
equivalent to Biot-Savart’s law, which can written in form [4]:

B(P):#Olmj[leR]’ (1)
4 R3

L
where B(P) — magnetic field induction at observation
point P; d/ — circuit element with current /,;; R — vector
directed from contour element d/ to observation point P.

Definition of forward quasi-static magnetic field
active shielding system design problem. Let us consider
definition of forward quasi-static magnetic field active
shielding system design problem. Forward magnetic field
active shielding system design problem calculated
magnetic field induction generated by the compensation
windings in shielding space given point for given
compensation windings spatial location coordinates of
active shielding system.

First, consider geometric direct problem solution for
power lines — mathematical model design of initial
magnetic field generated by power transmission line.
Power lines wires position initially known. Power lines
wires instantaneous values currents set in dependences
sinusoidal form. We set amplitudes 4; and phases ¢, of
industrial frequency currents of power line wires. Let’s set
power transmission lines wire currents in complex form

I(e)= 4 exp j(ot + ;). (2)

Then, based on relation (1), initial magnetic field
induction By(P;,Iy(f),t) at point P created by power
transmission lines currents calculated in following form

BB 0= BB ). O

Power line currents vector Iy(f) introduced
components of which are power line wires currents

1o(0)=1{5,0))-

Note that when transmission line resulting magnetic
field calculating according to (1) for 3D modeling, it is
necessary to take into account the real sagging of
transmission line wires, and elementary sections number
of transmission line conductors at ends of considered
sections of transmission lines must be determined from
required accuracy of resulting magnetic field induction
calculation, which generated by all power lines at given
point in shielding space.

Let us now consider forward problem solution for
calculating magnetic field generated by compensation
windings at shielding space points. Let us set
compensating windings location coordinates of active
shielding system in form of initial geometric values vector
of compensating windings dimensions of active
protection, as well as amplitude 4; and phase ¢; of
compensating windings currents [12—-14]. Let’s set
compensating windings currents in complex form

[ai(t): Ayi expj(a)t + ¢Wi)' 4)

Then, based on (1) similar to (3) magnetic field
induction at point P; created by windings currents at time
moment ¢ calculated in the following form

M
By(Pi’Iy(t)’t): ZBym(E'slym(t)st)» (5
m=1

here currents vector I(f) in compensating windings
introduced with windings currents components

1,(0)= 73 (-

Note that when calculating resulting magnetic field
generated by all compensating windings wires, according
to formula (5), for 3D modeling, it is necessary to take
into account not only real dimensions of horizontal parts
of compensating windings, but also real length of
compensating windings, since it is near ends of horizontal
sections of compensating windings that greatest change in
magnetic field induction level generated by compensating
windings is observed.

Naturally, that in 3D modeling in (5) it is necessary
to take into account vertical parts of compensating
windings, since it is these vertical parts that generate main
part of the of the magnetic field induction level.

Then, based on superposition principle, the resulting
magnetic field induction vector B(P;,Iy(t),1,(?),t) at the point
P, created by power line wires currents (1) and controlling
windings currents (5), is equal to vectors sum [4]

BB Io(0).1,(c).t)= By(B.Io(t).0)+..+ B, (B.1,(1)). (6)

Definition of forward dynamic problem of
magnetic field active shielding system design. The
calculation of the magnetic field generated by the
transmission line wires and compensation windings
calculated based on the Biot-Savart’s law [4—7]. In this
case, the magnetic field induction is a static dependence
(1) on the current of the transmission line wires or
compensation windings. Thus, the magnetic field is
practically «instantaneously» generated by currents and
the speed of propagation of the electromagnetic field of
industrial frequency is neglected.

However, the active shielding system is a dynamic
system, the processes in which are commensurate with the
industrial frequency. Moreover, the design of the active
shielding system performed taking into account the
dynamic characteristics of its elements - the presence of
inductances of compensating windings, the presence of
time delay of magnetic field sensors and other. In the active
shielding system with two degrees of freedom, open-loop
control by disturbance and closed-loop control by deviation
with the help of feedback used simultaneously.

The forward problem of dynamic magnetic field
active shielding system is the calculation of the dynamic
characteristics of the active shielding system with two
degrees of freedom for the given values of the parameters
of the open-loop and closed-loop control regulators and for
the given values of the parameters of the disturbing effects
and interference measurements of the sensors of the initial
and resulting magnetic field, with the help of which the
open-loop and closed-loop control is implemented. This
forward dynamics problem of an active shielding system is
a correct mathematical problem and solved «exactly», for
example, by direct modeling of processes in such a
dynamic system with two degrees of freedom.

The inverse dynamics problem of an active shielding
system consists in calculating the values of the parameters
of the open-loop and closed-loop control regulators for
the given values of the parameters of the disturbing
effects and the interference of the measurements of
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magnetic field sensors of initial and resulting magnetic
field for implementation of specified dynamic
characteristics in designed system. The solution of the
inverse problem of the dynamics of an active shielding
system reduced to an optimization problem.

In this case, the open and closed control channel
regulators synthesized from the condition of minimizing
the error of compensation of the initial magnetic field,
caused by the disturbing effect in the form of induction of
the initial magnetic field. In this case, with the help of
these same open and closed control regulators, the noise
of the magnetic field sensors measuring the initial
magnetic field and the resulting magnetic field in the
shielding space filtered.

The inverse dynamics problem of active shielding
system is an uncorrected mathematical problem, and its
solution is also found approximately by numerical
methods. One of the possible approaches to solving the
inverse problem of dynamics for active shielding system
with two degrees of freedom control used of robust optimal
control based on four Riccati equations solutions [24-26].
To implement such robust optimal control, robust optimal
Kalman’s filters used, which also synthesized based on four
Riccati equations solutions [26-28].

Such a robust optimal solution to the inverse dynamics
problem for active shielding system with two degrees of
freedom control allows obtained the highest accuracy of the
active shielding system; however, the implementation of
such a system presents certain difficulties. Therefore, the
overwhelming majority of industrial control systems built
on the principle of subordinate regulation and implemented
using standard PID controllers.

Let us accept the structure of the active shielding
system as two-loop subordinate control system. The
internal loop of such a system is the current control loop
of the compensation winding. With the help of the PI
controller of the current loop, the «large» time constant of
the current loop, caused by the inductance of the
compensation winding, compensated. The external loop
of this two-loop subordinate control system is the loop for
regulating the induction of the resulting magnetic field.

A delay link used to form open-loop control for
active shielding system with two degrees of freedom
control over the initial magnetic field. The magnitude of
the gain and delay coefficients experimentally adjusted
during the system setup from the condition of minimizing
the space-time characteristic of the resulting magnetic
field in the shielding space.

Let us consider definition of forward magnetic field
active shielding dynamic system design problem. Forward
dynamic magnetic field active shielding system design
problem calculated magnetic field induction generated by
the compensation windings in shielding space given point
not for given compensation windings spatial location
coordinates but and for given structure and parameters of
active shielding system regulators as closed loop and open
loop dynamic system [20-23]. This dynamic active
shielding system is two degrees of freedom dynamic
system. This dynamic system combines both open loop and
closed-loop control. However, in contrast to classical
synthesis of robust control system with two degrees of
freedom, in the developed method, the synthesis of open-
loop coarse control performed based on quasi-static model
of magnetic field. Synthesis of closed-loop refinement
control carried out based on closed system dynamics

equations, taking into account plant models and measuring
equations devices, disturbances and measurement noise.

First, consider the possible structures of dynamic
magnetic field active shielding system design problem. If
it is possible to measure the of the power line wires
current of three-phase power lines or directly measure
magnetic field induction near power line wires , then can
design open loop system of dynamic magnetic field active
shielding system as follows.

Initial magnetic field model in considered space can
be taken in form of magnetic field generated by three, six,
and etc. conductors of three-phase current of industrial
frequency, located in known position relative to considered
space, in which it is necessary shielded magnetic field.

To design open loop control circuit of magnetic field
active shielding system sufficient measured current wires
current line one phase and used some reference voltage

u, (t) =4, sin(a)t + ¢, ) . N

Based on measured wires current line as reference

voltage, we will form open loop control by compensation
windings current at following form

wi(6)= Ay sin(@t + 9;)+ fur (®)
where A; — the sought amplitudes and ¢; — control phases
in the i-th compensation windings current with respect to
the measured current in the phase of the current line or
reference voltage; f,; — equivalent noise of current or
reference voltage measurement.

It is advisable to supplement such open loop control
circuit with feedback control circuit, so that the active
shielding system becomes two degrees of freedom
dynamic system one based on control principle.

To design closed loop control by active shielding
system, it is necessary to have magnetic field induction
measuring devices — magnetometers installed at certain
points in space to measure resulting magnetic field
induction created by both power line wires current and
compensation windings current of active shielding system.
Let’s form a vector y(f) of measured components of
resulting magnetic field induction vector at some points P;

v(t)=1{Bo(P. Io(e)t )+ B (P 1, (1)1 )} ©9)
at time moment ¢ at magnetometers installation points P;
in following form
Y@y =v()+w(1),
where w(f) — magnetometer noise vector.

Note that when using combined shielding resulting
magnetic field, simultaneously generated by power line
wires, compensation windings wires of active shielding
system and passive shield, measured by magnetometer
installed in shielding space point [19].

Let’s take structure of closed loop control by active
shielding system of magnetic field in following form: we
will apply corresponding magnetometer output voltage to
each channel PID controller input.

Let’s write down state differential equation of
discrete PID regulators, the input of which is vector y(f)
of measured magnetic field induction components, and
output is closed-loop control vector u;(¢) of compensation
windings wires in the following form

X, (t+1)= A,x, (1) + B,y(1) ; (11)
u3(t):Cpxp(t)+Dpy(t): (12)

in which elements of matrices 4,, B,, C,, D, calculated by
PID regulators parameters.

(10)
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Then design of two degrees of freedom dynamic
system of active shielding of magnetic field, which
includes open and closed control loops reduced to
calculated regulators parameters vector, components of
which are sought elements of matrices 4,, B,, C,, D,,
determined by closed control channels PID regulators gain
coefficients, as well as vector of sought amplitudes A ={4;}
and phases ¢={p;} of compensation windings wires
currents, components of which are amplitudes 4; and
currents ¢; of components of compensation windings
wires currents open loop control regulators [24-26].

Definition of geometric forward magnetostatic
problem for passive electromagnetic shielding magnetic
field. Let us now consider geometric forward problem of
magnetostatics for a continuous electromagnetic passive
shield. The geometric forward problem for a passive
electromagnetic shield also calculates the consequence — the
magnetic field at a given point in space, generated by a given
source of magnetic field in form of passive shield, located at
a given «geometric» point in space. This problem is also
solved on basis of Maxwell’s law and is mathematically
correct problem and calculated exactly [4-7].

The principle of operation of a passive electromagnetic
shield based on action of the initial primary magnetic field,
as a result of which conduction currents induced in the
passive screen. These currents create a secondary magnetic
field, which, according to Faraday’s law, directed opposite
to the initial magnetic field. The resulting magnetic field,
equal to the sum of the primary and secondary fields, is
weaker than the primary field in the protected area, due to
which the initial magnetic field shielded.

The general approach to solving magnetic field
shielding problems using a passive electromagnetic shield
also comes down to integrating Maxwell’s equations in all
areas: both inside the shield volume and in the external
environment. When considering the problems of shielding
industrial frequency magnetic field, Maxwell’s equations
solved in a quasi-stationary approximation. In the numerical
solution, the space divided into simply connected dielectric
regions, the boundaries of which are conducting shells. The
finite element method has received the greatest distribution
for numerical study of electromagnetic field.

The numerical procedure reduced to compiling and
solving a system of linear equations. The computational
domain divided into a set of polygons, which in the
simplest case have triangular cells. The geometric inverse
problem of magnetostatics for electromagnetic passive
shield calculated not only «geometric» position of passive
screen, but also the thickness and conductivity
characteristics of the passive screen. Naturally, geometric
inverse problem of magnetostatics for electromagnetic
passive shield is an uncorrected problem and can have
many solutions. As a rule, the solution of this geometric
inverse problem also comes down to solving an
optimization problem and solved approximately.

Definition of geometric inverse magnetostatic
problem for magnetic field combined electromagnetic
silence design. Geometric inverse magnetostatic problem
calculates the cause — the magnitude of source of initial
magnetic field and coordinates of «geometric» location of
this source at a given «geometric» point in space in such a
way as to realize the effect — a given magnetic field at a
given point in space. Naturally, this problem is a
mathematically uncorrected problem and can have many
solutions. The same given magnetic field at a given point

in space can be realized using different sources of the
initial magnetic field and these sources can be located at
different «geometric» points in space. This problem is
always solved approximately, as a rule, based on the
solution of the optimization problem.

In fact, geometric inverse problem is the problem of
approximating a given distribution of a magnetic field
using a finite number of sought sources of a magnetic field,
so that the approximation problem is parameterized in the
form of power values and coordinates of the «geometric»
location of the sought sources of a magnetic field.

Geometric inverse magnetostatics problem for
combined electromagnetic shielding system design
problem calculated spatial location and parameters of
magnetic field sources to generate compensating magnetic
field directed opposite to original magnetic field [20-22].
Initial magnetic field generated by power line wires and
the compensating magnetic field simultaneously
generated by compensating windings of active shielding
system and continuous passive shield.

Consider  geometrical inverse problem  of
magnetostatics for task of designing a combined
electromagnetic screen, which consists in calculating the
spatial location and parameters of magnetic field sources
to generate a compensating magnetic field directed
opposite to initial magnetic field [27-32]. At the same
time, initial magnetic field generated by power line wires,
and compensating magnetic field simultaneously
generated by compensating windings of active shielding
system and solid passive shield.

Consider desired parameters vector X for design of
combined shielding system, components of which are
geometric dimensions values vector X, of compensating
windings, as well as currents A4,; and phases ¢, in
compensating windings: as well as geometric dimensions
vector X, thickness and material of passive shield [33-35].
In addition, we also include in desired parameters vector
X sought elements of matrices 4,, B,, C,, D,, determined
by closed control channels PID regulators gain
coefficients [36, 37].

Then, for given initial values of sought parameters
vector X and uncertainty parameters vector é of combined
shielding system designing task resulting magnetic field
induction effective value Bp(X,0,P;) at shielding space
point Q; calculated, based on finite element calculation
system of COMSOL Multiphysics [38—41]. Then
combined shielding system designing task reduced to
vector game solution calculating

BR(X,0)=(Br(X,0,P)). (13)

Game payoff vector components Br(X,0,P;) are
effective values of resulting magnetic field induction at all
given points P; of shielding space. In this vector game, it
is necessary to calculated payoff vector game minimum
along vector X, but same payoff vector game maximum
along the vector o [42—44].

At the same time, it is necessary to take into account
restrictions on desired parameters vector X of combined
shielding system in form of vector inequality and,
possibly, vector equality.

G(X)< Gy, H(X)=0. (14)

Solving problem algorithm. Components of the
vector game (13) and vector constraints (14) are nonlinear
functions of required parameters vector X and calculated
based on finite element system of COMSOL Multiphysics.
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Consider method of solving formulated problem.
Local minimum task calculation at one point of
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 calculation algorithm for Pareto-
optimal solutions set of multi-criteria nonlinear
programming problems based on stochastic multi-agent
optimization [45]. Particle swarm optimization algorithms
— PSO algorithms have been developed based on
collective intelligence idea of particle swarm, such as
gbest PSO and Ibest PSO algorithms.

Stochastic ~ multi-agent  optimization — methods
application for multi-criteria problems solving causes
certain difficulties and this direction continues to develop
intensively. To solve original multi-criteria problem of
nonlinear programming with constraints stochastic multi-
agent optimization algorithm design based on particle
swarms set, which number is equal to vector optimization
criterion components number [46].

To increase global solution calculation speed
stochastic multi-agent optimization nonlinear algorithms
used, in which particle i swarm j movement described by
following expressions [47]

v,-j(t+l)= wjvl-j(t)+c1jr1j(t)H(p1j —glj(t))x...
...><[yl-j(t)—xij(t)]-i-czjrzj(t)H(pzj—gz_j(t))x... (15)

)y )]

where position x;(f) and speed v;(?) of particle i swarm j.

To global solution calculation of initial multi-criteria
problem, individual swarms exchanged information
among themselves during local criteria optimal solutions
calculation [48]. Information about global optimum
calculated by another swarm particles used to particles
movement speed calculated of one swarm, which allows
all potential Pareto-optimal solutions identified.

At each step ¢ particle 7 swarm j movement of local
solutions advantages functions calculated by all swarms

used. Solution X j (¢) calculated during objective function
B(X(%),P)) optimization by swarm j is better in relation to
solution X Z (t) calculated during objective function
B(X(?),P;) optimization by swarm £, i.e. X j (t)> X Z (t) s
if condition fulfilled

max B(Pi,X;(t))< maxB(Pi,XZ(Z)).

i=l,m i=l,m

(17)

Global solution XZ (¢) calculated by swarm k used

as global optimal solution Xj» () for swarm k, which is

better in relation to global solution XZ () by swarm k

based on preference relationship (17).

Simulation results. Let us consider the results of
calculations of resulting magnetic field in the designed
combined electromagnetic combined shielding system
during 3D modeling. The initial magnetic field generated
by «Barrel» type double-circuit power line with wires
currents / = 26.79 A. As result of designing combined
electromagnetic shield for this power line, coordinates of
two compensation windings location of active shielding

system, as well as currents magnitudes and phases in
these windings, were calculated. Figure 3 shows diagram
of power line wires arrangement, residential building and
two compensation windings.

Arrangement of active elements

.
18—

16—
14—

12—

Z, m

Fig. 3. Layout of power lines, residential buildings
and two compensation windings

First, let’s look results of 3D modeling of resulting
magnetic field when combined shield operates without
side plates. Figure 4 shows distribution of resulting
magnetic field induction along passive screen length for
various coordinates along passive shield height.
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Fig. 4. Resulting magnetic field induction distribution
along passive shield length
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As follows from Fig. 4,a initial magnetic field is most
effectively shield at 0.3 m height and a width of 0.35 m at
center of passive shield length so that resulting magnetic
field induction is 0.4 uT. At the same time, along edges of
passive screen length, induction level of resulting magnetic
field further increases by 4.6 times and amounts to 1.85 pT.

When approaching passive shield width to 0.03 m
distance resulting magnetic induction level field increases
by 2.8 times and amounts to 1.12 pT. This occurs due to
an increase resulting magnetic field induction level near
passive screen. At the same time, along edges of passive
shield length resulting magnetic field induction level
further increases by 1.7 times and amounts to 2 uT.

When moving away from passive shield by 0.99 m
distance in width resulting magnetic field induction level
also increases by 3.75 times and amounts to 1.5 pT.
However, at passive shield length edges resulting
magnetic field induction level decreases by 1.57 times
and amounts to 0.92 uT.

As follows from Fig. 4,c highest value of resulting
magnetic field induction level of 4.8 uT observed near
passive shield at 0.03 m distance and at 1.17 m height.
Firstly, at this height highest value of initial magnetic field
induction is 2.55 uT, and, secondly, near passive screen
there is an increase in initial magnetic field induction level
by 1.88 times.

However, at passive screen length edges resulting
magnetic field induction level decreases by 1.41 times
and amounts to 3.4 uT.

Let us now consider calculations results of magnetic
field generated by a double-circuit power line of the
«Barrel» type with wires currents / = 26.79 A for
combined screen in which of the passive screen side
surfaces are covered with aluminum sheets.

Figure 5 shows resulting magnetic field induction
distribution along the length of passive screen with side
plates for various coordinates along height and width of
passive screen.

Comparison resulting magnetic field induction
distributions with side surfaces combined shield (Fig. 5) and
without side surfaces (Fig. 4) shown that resulting magnetic
field induction levels in central subsection of passive shield
for these combined shield are almost the same.

However, at passive shield length edges when using
side plates induction level is slightly lower. So, for
example, for section at 0.3 m height and 0.35 m width at
passive shield length center, where initial magnetic field is
screened most effectively so that of the resulting magnetic
field induction is 0.4 pT for both combination shield types.

Moreover, for combined shield without side surfaces
along passive shield length edges resulting magnetic field
induction level increases by 4.6 times and amounts to
1.85 uT, and when using side surfaces resulting magnetic
field induction level increases only by 3.87 times and
amounts to 1.55 pT.

Combined shield experimental setup. To conduct
experimental studies experimental setup of combined
shielding system under consideration developed. All
experimental studies carried out on the magnetodynamic
measuring stand at the Anatolii Pidhornyi Institute of
Power Machines and Systems of the National Academy of
Sciences of Ukraine [49].
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Fig. 5. Resulting magnetic field induction distribution along
passive shield length with side plates

0.8

The experimental setup contains setup of double-
circuit power line with six wires «Barrel» arrangement, two
compensation windings of active shielding system and
electromagnetic passive shield made of solid aluminum.

To conduct experimental studies of a combined
shielding system, in which the side surfaces of the passive
shield are open experimental setup was developed (Fig. 6).

- S N
W Wiy

. Fig. 6. Passive shield without side plates
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Two magnetic field sensors installed inside passive
screen to implement two closed-loop control loops for
two compensation windings of active shielding system
with feedback on resulting magnetic field.

During process of adjusting control loops axes of
these sensors set in such a way as to measure magnetic
field induction maximum value generated by
compensation winding of corresponding compensating
channel. This installation of magnetic field sensors axes
makes it possible to minimize the influence of channels
on each other when they work together.

Two more magnetic field sensors are also installed
inside passive shield, axes of which directed parallel to
coordinate axes. These two sensors used in system for
measuring  space-time characteristics of resulting
magnetic field. This measuring system used to adjust
control loops of active shielding system of combined
magnetic field shielding.

To power compensation windings power amplifiers
used (Fig. 7).

In Fig. 8 shown combined shielding control system.
To measure resulting magnetic field inside shielding space
three-coordinate magnetometer type «TES 1394S triaxial
ELF magnetic field meter» used with shown in Fig. 9.

This magnetometer measures three components of
magnetic field induction vector using three orthogonal
measuring coils (Fig. 10). Axes of these three measuring
coils are orthogonal to each other and form an orthogonal
coordinate system for measuring magnetic field.

Fig. 8. Combination screen control systen{ N

To conduct experimental studies of combined shield,
in which the side surfaces of the passive shield are
covered with aluminum sheets experimental setup was
developed (Fig. 11).

TES 13545 musar
o weren

MABKETIC ik

Fig. 9. Three-coordinate
magnetometer for measuring
resulting magnetic field

Flg 10. Measurmg coils of
triaxial magnetometer

Fig. 11. Experimental installation of passive shield with side pla;é'é.

Experimental studies results. Let us now consider
experimental studies of resulting magnetic field
distributions with combined electromagnetic shield
consisting of two compensation windings of active shield
and electromagnetic continuous passive shield.

First, let us consider experimental studies results of
resulting magnetic field when operating combined shield
without side plates. Figure 12 shows experimentally
measured distributions of magnetic field induction along
passive shield length for various coordinates along height
and width of passive shield.

By analogy with calculations results of resulting
magnetic field induction shown in Fig. 4,a, as follows from
Fig. 10,a initial magnetic field is most effectively shield at
0.3 m height and 0.35 m width at passive shield length
center so that resulting magnetic field induction is 0.27 uT.

At the same time, along passive shield length edges
resulting magnetic field induction level increases by
2.59 times and amounts to 0.7 uT.

When passive shield width approaching to 0.03 m
distance resulting magnetic field induction level increases
by 1.22 times and amounts to 0.33 uT. This occurs due to
an increase in resulting magnetic field induction level
near passive shield.

At the same time, along passive shield length edges
resulting magnetic field induction level further increases by
2.12 times and amounts to 0.7 pT. When moving away
from passive shield by 0.99 m distance in width resulting
magnetic field induction level also increases by 2.59 times
and amounts to 0.7 pT. However, at passive shield length
resulting magnetic field induction level decreases edges by
1.57 times and amounts to 0.455 uT.
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Fig. 12. Experimentally measured distributions of magnetic field
induction of passive shield without side plates

As follows from Fig. 12,c resulting magnetic field
induction level highest value of 0.88 uT observed near
passive shield at 0.03 m distance and at 1.17 m height.
Firstly, at this height initial magnetic field induction level
is highest and, secondly, near passive shield initial
magnetic field induction level increase observed.

However, at passive screen length edges resulting
magnetic field induction level increases by 1.05 times and
amounts to 0.93 uT.

Thus, magnetic field induction distribution change
nature experimentally measured on combined shielding
system installation corresponds to calculated values of
resulting magnetic field induction distribution during
operation of combined shield.

Let us now consider experimental measurements
results of magnetic field induction on experimental
installation of combined shield, in which passive shield
side surfaces covered by aluminum sheets. Figure 13
shows experimentally measured distribution of resulting
magnetic field induction level on experimental installation
of combined shield, in which passive shield side surfaces
covered by aluminum sheets.
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Fig. 13. Experimentally measured distributions of magnetic field
induction along passive shield length with side plates

Comparison of experimentally measured distributions
of resulting magnetic field induction with combined shield
without side surfaces (Fig. 12) and with the side surfaces
(Fig. 13) shows that resulting magnetic field induction
levels in passive shield central section for these combined
shield are almost the same.

However, at passive shield length edges when using
side plates induction level is slightly lower. So, for
example, for 0.3 m height section and for 0.35 m width at
passive shield length center, where initial magnetic field
is screened most effectively so that the experimentally
measured resulting magnetic field induction is 0.27 uT for
combination shield both types.

Moreover, for a combined shield without side
surfaces along of passive shield length edges, resulting
magnetic field induction level increases by 2.59 times and
amounts to 0.7 uT, and when using side surfaces resulting
magnetic field induction level increases only by 2.4 times
and amounts to 0.65 uT.

Conclusions.

1. For the first time the method for normalization of
overhead power lines magnetic field in residential
building space based on optimization of combined active-
passive electromagnetic shielding system for magnetic
field three-dimensional model developed.
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2. Optimization of combined electromagnetic shielding
system for initial magnetic field three-dimensional model
solved based on multi-criteria two-player antagonistic
game solution. Game payoff vector calculated based on
finite  element calculations system COMSOL
Multiphysics package. Game solution calculated based on
particles multiswarm optimization algorithms.

3. During optimization of combined electromagnetic
shielding system for magnetic field three-dimensional
model Spatial location coordinates of shielding winding,
currents and phases in shielding winding of robust active
shielding system, geometric dimensions and thickness of
electromagnetic passive shield calculated.

4. The results of theoretical and experimental studies of
normalization for overhead power lines magnetic field by
combined electromagnetic passive and active shielding
system for magnetic field three-dimensional model in
residential building from two-circuit overhead power
transmission line with wires «Barrel» type arrangement
presented. In the future, it is necessary to implement such
combined electromagnetic passive and active shielding
systems to normalize the field in real residential building.
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