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Synthesis of combined shielding system for overhead power lines magnetic field normalization
in residential building space

Problem. Most studies of power frequency magnetic field reduced to safe level in residential buildings located near overhead power
lines carried out based on two-dimensional magnetic field modeling, which does not allow studying of original magnetic field shielding
effectiveness in residential building edges. The goal of the work is synthesis of combined active and multi-circuit passive shielding system
to improve shielding efficiency of initial magnetic field to sanitary standards level in residential building edges generated by overhead
power lines. Methodology. System synthesis methodology based on vector game solution, in which vector payoff calculated based on of
Maxwell’s equations solution in a quasi-stationary approximation using the COMSOL Multiphysics software. Vector game solution
calculated based on hybrid optimization algorithm, which globally explores synthesis search space using Particle Swarm Optimization
and gradient-based Sequential Quadratic Programming to rapidly calculated optimum synthesis point from Pareto optimal solutions
taking into account binary preference relations. Results. During combined active and multi-circuit passive shielding system
synthesisspatial arrangement coordinates of 16 contours of passive shield and two compensating windings, as well as windings currents
and phases of active shield calculated. New scientific results are theoretical and experimental studies of synthesized combined active and
multi-circuit passive shielding system efficiency for magnetic field created by overhead power lines. Scientific novelty. For the first time
synthesis methodology for combined active and multi-circuit passive shielding system taking into account original field shielding
effectiveness decrease in residential building edges for more effective reduction of industrial frequency magnetic field created by
overhead power lines developed. Practical value. Practical recommendations for the reasonable choice of the spatial arrangement of a
multi-circuit passive shield and two shielding windings of active shielding system for magnetic field created by overhead power lines are
given. The possibility of reducing the initial magnetic field induction to the sanitary standards level is shown. References 42, figures 16.
Key words: overhead power line, magnetic field, combined electromagnetic active and passive shielding system, synthesis
computer simulation, experimental research.

Ilpobnema. binvuwiicms Oocniodicenb 3 3HUICEHHS PI6HA MASHIMHO20 NOA NPOMUCIO80I 4ACMOMU 8 JICUMIOBUX OYOUHKAX, WO
posmawiosani noonU3y NOSIMPHUX KLU elekmponepedayi, 00 6e3neyH020 DIGHS, GUKOHAHI HA OCHOBI 080GUMIDHO2O MOOENIOBAHHS
MASHIMHO20 NOJIA, WO He 00360/IA1E€ BUSHAMU eEeKMUBHICHIb eKPAHYBAHHA BUXIOHO20 MAZHIMHO20 NOJA HA KPASX HCUMNO0BUX GYOUHKIE.
Memoro pobomu € cunmes KOMOIHOBAHOI akmueHoi ma Oa2amoKOHMYpHOI NACUBHOT eNeKMpPOMACHIMHOT eKpaHyiouoi cucmem Ol
niOBUUEeHHST eqheKMUBHOCE eKPAHYBAHHS BUXIOH020 MASHIMHO20 NOJISL 00 PIGHS CAHIMAPHUX HOPM HA KPASX HCUMIOBUX OVOUHKIS, W0
2eHepYEMbCA NOGIMpPAHUMY  TIHIAMU  enekmponepedadi. Memooonozia. Memooonoeia cunmesy cucmemu 3ACHO8AHA HA pileHHI
6eKMOPHOT 2pu, 8 KLl BEKIMOPHULL BUSPAL PO3PAXOBYEMBCS HA OCHOBI PO36 A3KY pieHsHb Makceenna 8 KeazicmayionapHomy HAOIUIICEHHI
3a donomozoio npoepamuozo nakemy COMSOL Multiphysics. Piwiennss 6eKmopHoi epu 00uuciioemvpcs Ha OCHOSE 2IOPUOHO20 ANCOPUMMY
onmumizayii, AKe 2100ANLHO QOCTIOHCYE NPOCMIP NOWLYKY ONIA CUHME3Y 3a OONOMO2010 ONMUMI3AYIT POEM YACMUHOK MA 2PA0IEHMHO20
NOCNIO0BHO20 KBAOPAMUUHO20 NPOSPAMYBAHHA O WBUOKO20 OOUUCIEeHHS ONMmuMansHoi mouku cunmesy 3 cucmemu Ilapemo
ONMUMANLHUX PIUEHb 3 YPAXYE8aHHAM OIHApHUX I0HOWeHb nepesae. Pesynomamu. B npoyeci cunmesy akmueHoi ma 6a2amoxkoumypHoi
nAacugHoi eneKmpoMazHimnoi eKpanyouux cucmem po3paxoéaro KOOPOUHAMU NPOCMOPO8O20 posmaulyeanis 16 xoumypie nacusno2o
expany ma 080X KOMHEHCAYiliHUX 0OMOMOK CucmeMu aKmueHOo20 eKpaHy8aHHs, a MaKodlc Cmpym ma @asu KOMREHCYIouUxX oOMOmMoK
cucmemu akmueHO20 ekpamyéanHs. Hoeumu HayKosumu pesyiomamami. € meopemuyni ma eKCNepUMeHMAnbhi O0CHOMHCeHH s
epexmueHocmi  CUHME308aHOI KOMOIHOBAHOI aAKMUGBHOI Mma 0A2amMoKOHMYPHOI NACUBHOI eNeKMPOMASHIMHUX eKPAHYIOYUX CUCHEM
MA2HIMHO20 NOJIAL, WO CIMBOPIOEMbCA NOGImpaHumMuU ainiamu enekmponepeoayi. Haykoea nosusna. Bnepuie 3anpononosana memooonozis
cunmesy KOMOIHOBAHUX AKMUGHUX MA OG2AMOKOHMYPHUX NACUBHUX ENeKMPOMASHIMHUX eKDAHYIOUUX CUCTeM 3  YPaXyBaHHAM
eexmuHoCmi ekpaHy8aHHsa GUXIOH020 NOJA HA KPAsX JHCUMNOBUX OYOUHKIE 3 Memoto Oinbl epeKmugHo20 3HUICEHHS MASHIMHO20 NOJA
NPOMUCTIOBOT 4ACMOMU, WO 2eHEPYEMbCA NOGImpaAHUMU iHismu enexkmponepeoadi. Ilpakmuuna snauumicms. Haoano npaxmuuni
pexomeHoayii wjooo OOIPYHMOBAHO20 6UOOPY NPOCHOPOBO2O PO3MAULYBAHHS 0AAMOKOHMYPHO20 NACUBHO2O eKpaHd ma 080X
eKpanyiIoux 0OMomoK cucmemu aKMueHO20 eKPaHyBaHHA MASHIMHO20 NOA, WO 2eHePYEMbCs NOGIMPAHUMU NIHIAMU eNeKmponepeoayi.
Tloxazana moswcaugicms 3HUNHCEHHSL THOYKYTT UXIOHO20 MASHIMHO20 NOJA 00 pieHA canimapHux Hopm. bion. 42, puc. 16.

Knrouoei crosa: noBiTpsiHa JiiHisl eJieKTponepeadyi, MarHiTHe 1moje, cucTeMa KOMOIHOBAHOI'0 €1eKTPOMATHITHOIO AKTHUBHOI'O
Ta NaCHBHOI'0 €KPAHYBAHHS, CHHTe3 KOMII’IOTEPHOr0 MOJe/II0BAHHS, €KCIIEPUMEHTAJIbHe N0C/IiIKeHHS.

Introduction. Protecting public health problem
solving from electric power man-made electromagnetic
field biological impact has high social significance and is
extremely relevant and important task in population
quality and life expectancy improving [1-3]. Reducing
problem humanity priority of man-made electromagnetic
fields influence has been confirmed by World Health
Organization (WHO) and electromagnetic field influence
on human body. A significant place in these studies
occupied industrial-frequency electromagnetic  field
created by power transmission lines. High-voltage
overhead power lines located in residential areas are
industrial-frequency magnetic fields main sources, which
negatively affects on population in residential buildings
located along power line routes [4-7]. The basis for
substantiating these conclusions was identification of
carcinogenic properties of industrial-frequency magnetic

field exposure with its weak but long-term effects on
humans [1-3] and the development of recommendations
for maximum possible reduction in magnetic fields
induction level in residential areas located near power
lines homes, to reduce likelihood of population cancer.

Carcinogenic properties identification and weak
magnetic field action deadly danger with less than 1 puT
induction during its long-term exposure to people has led
to gradual introduction for magnetic field induction level
strict sanitary standards and these standards constant
tightening of 50-60 Hz frequency magnetic field
induction boundary levels with up to WHO recommended
level 0.2-0.6 uT [1-3].

Many residential buildings located in close
proximity to high-voltage power lines, so that magnetic
field induction level inside these buildings significantly
exceeds modern sanitary standards.
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For example, as
shown in Fig. 1,
residential  buildings
y located in close

proximity to main
two-circuit power line
330 kV with split
wires of 2 kA in each
circuit. Next to this
© power line there is
another double-circuit
power line 110 kV

: = 500 A of an older
F1g 1. Residential buildings located construction.
close to power line

Numerous theoretical and experimental studies show
[7-10] that the maximum permissible magnetic field level
induction (0.5 uT) can be exceeded by order of magnitude
or more, which poses threat to health of hundreds of
thousands of citizens living closer than 100 m from
overhead power lines.

In addition, due to land plots price constant rise for
development, the construction of  residential,
administrative and other public buildings and structures in
places where existing high-voltage power lines pass
through continues. This condition is typical for many
leading countries of the world — the USA, Israel, Italy,
Spain and many others and requires the adoption of
urgent measures to reduce existing power lines magnetic
field level by 3-5 times [4—7]. Therefore, in many leading
countries of the world, methods and means of normalizing
magnetic field in energy infrastructure, public buildings,
and residential buildings are being intensively developed,
and these means are being widely introduced [8—12].

Most effective technology is power lines
reconstruction by moving them to safe distance from
residential buildings, or replacing overhead power lines
with cable line. However, such reconstruction requires
enormous financial resources.

Existing power lines magnetic field shielding
methods are less expensive. Active contour magnetic field
shielding methods provided necessary efficiency.
Currently, research is being intensively carried out all
over the world and various systems for active shielding of
man-made magnetic field of industrial frequency are
being implemented [13-18].

Overhead power lines with phase wires «triangular»
arrangement often pass in close proximity to older
residential buildings. This power lines are one of most
dangerous wire layout options for magnetic field sources.
Overhead power lines with phase wires «triangular»
arrangement created magnetic field with circle shape
spatio-temporal characteristic. For effective active
shielding of magnetic field with such a space-time
characteristic, at least two compensation windings are
required for active shielding system.

Active shielding requires external power sources
used to generate compensating windings appropriate
magnitude and phase currents to create compensating
magnetic field directed opposite to power line original
magnetic field, which is necessary to desired shielding
effect implement.

Active shielding systems are capable of providing
power lines initial magnetic field strong weakening [4].

However, this requires a rather complex automatic control
system, in which, in addition to magnetic field sensors, it
is necessary to install expensive high-power equipment,
such as power supplies, power converters and control
system that forms the currents supplied to compensating
windings to achieve of original magnetic field required
suppression. Active shielding systems are significantly
more expensive to develop than passive methods [13—18].

Original magnetic field with passive shielding
weakening achieved by compensating field generating
according to Faraday law passive shield using. Multi-
circuit passive shields often used to increase initial
magnetic field shielding efficiency [8]. However, passive
shields have significantly lower shielding coefficient than
active shields, so passive shields are often used as an
addition to active shielding systems, so that hybrid active-
passive shields simultaneously use both an active shielding
system and passive shields of various designs [19].

In addition to solid electromagnetic shields [16], multi-
circuit passive shields also used as a passive screen [20].

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

High voltage power lines (HVPL)

{(\xﬁr) — initial Magnetic Field
\Hcc (x,,t) — compensation coil
magnetic field

Multi-circuit passive
shieldings

Building

Active shielding
system of magnetic |
field /

J

————— - — . . [

F1g 2. Combined electromagnetic active and multi-circuit
passive shielding system diagram

The active shielding system is a closed dynamic
automatic control system with feedback. Using a
magnetic field sensor installed in the shielding space, the
resulting magnetic field measured to implement feedback.

The active shielding system generated a
compensating magnetic field directed opposite to the
original magnetic field using a compensating winding.
The active shielding system also contains a control system
and an amplifier.

With the help of a multi-circuit passive shielding
system a magnetic field is generated opposite to the initial
magnetic field according to the Faraday law. In this case, the
initial magnetic field for the multi-circuit passive shielding
system generated by power transmission line wires and
compensating windings of the active shielding system.

Magnetic field induction level in residential buildings
necessary reduced to safe level in apartments located at
buildings edges. Most studies carried out based on two-
dimensional magnetic field modeling, which does not allow
studying effectiveness decrease of original field shielding in
residential building edges [21-23]. Therefore, to effectively
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shielding the original magnetic field throughout the entire
space of a residential building, it is necessary to use a three-
dimensional model of the magnetic field.

The goal of the work is synthesis of combined
active and multi-circuit passive shielding system to
improve shielding efficiency of initial magnetic field to
sanitary standards level in residential building edges
generated by overhead power lines.

Definition of geometric forward magneto static
problem for passive -electromagnetic multi-circuit
shield. Using a system of hybrid active and multi-loop
passive shielding, it is necessary to generate such a
compensating magnetic field in the entire shielding space
that the vector of the instantaneous value of the induction
of this compensating magnetic field is directed opposite to
the vector of the instantaneous value of the induction of the
original magnetic field generated by the power
transmission line in residential building space.

To synthesize a combined active and multi-circuit
passive shielding system, it is first necessary to solve three
geometric direct problems of magnetostatics for three-
dimensional overhead power lines magnetic field model.
The first geometric direct problem of magnetostatics
calculated the vector of the instantaneous value of the
induction of the initial magnetic field generated by the
power transmission line at a given point of the entire
screening space.

The second geometric direct problem calculated the
vector of the instantaneous value of the induction of the
compensating magnetic  field generated by the
compensating windings of the active shielding system at a
given point of the entire shielding space.

The third geometric direct problem of magnetostatics
calculated the vector of the instantaneous value of the
induction of the compensating magnetic field generated by
the compensating windings of the multi-circuit passive
shielding system at a given point of the entire shielding space.

Based on the solution of these three geometric direct
magnetostatic ~ problems, a  geometric  inverse
magnetostatic problem formulated and solved for the
synthesis of a hybrid active and multi-loop passive shield.
This geometric inverse magnetostatic problem is an ill-
posed mathematical problem and usually formulated in
the form of an optimization problem. The components of
the vector objective function of this optimization problem
are the effective values of the resulting magnetic field
induction at the points of the entire shielding space.

As result of solving this geometric inverse problem
of magnetostatics, the coordinates of the «geometric»
arrangement of the compensation windings of the active
and multi-circuit passive shielding system, as well as the
values of currents and phases in the compensation
windings of the active shielding system calculated.

Three-dimensional mathematical modeling of
electromagnetic field in general case comes down to
boundary value problem solving for Maxwell partial
differential equations system [7].

rot H=j+0,D+j,.; (1

rot E=—0,B, 2)

where E — electric field strength; H — magnetic field

strength; D, B — electric and magnetic induction vectors;

Jj — conduction current density; j., — density of external

currents created by sources outside the region under
consideration.

First equation (1) is generalized Ampere law — the
total current density is magnetic field strength vortex.

Second equation (2) is Faraday law differential
formulation that magnetic induction change over time
generates vortex electric field.

Intermediate position between constant field and
rapidly changing field occupied by quasi-stationary field
— electromagnetic field in which displacement currents

neglected in comparison with conduction currents.
Maxwell equations for quasi-stationary field have form

rot H=j+j,; 3)

rot E=—-0,B. 4)

From (3) follows that quasi-stationary magnetic field
at any given time moment completely determined by
electric currents distribution at the same time moment and
founded from this distribution in exactly same way as is
done in magnetostatics.

Power lines magnetic field calculated based on Biot-
Savart law for elementary current

dH(t):%(dlxR), )

where R — vector directed from elementary segment;
dl with total current I(f) to observation point Q. Total
field strength vector calculated as:
X
H(g.)- 1 (LK) ©)
4z T R

This formula (6) widely used to calculate overhead
power lines magnetic field instead of Maxwell equations
system (3)—(4). Thus magnetic field induction dependence
on current and described by (6).

Magnetic field quasi-stationary model varies with
time according to sinusoidal law calculated as

H(Q,1)= AQ)exp j(wr), (M
where A(Q) — magnetic field strength amplitude.

Consider design of magnetic field mathematical
model created by a multi-circuit passive shield, which is
hybrid active-passive shield part [19]. In works [13—15]
passive shield parameters considered given. These
parameters calculated during active-passive shielding
system design. Therefore, in contrast to works [13—15],
we set initial values vector X, of geometric dimensions,
thickness and material of multi-circuit passive shield.

In works [12—-15] power line currents parameters (8)
considered known and do not change over time. However,
power line currents magnitudes have daily, weekly and
seasonal changes. Therefore, unlike works [12—15], we
introduce of of the initial uncertainties parameters vector o
of hybrid active-passive shielding system designing
problem with power line wires currents and phases values
uncertainties components, as well as other uncertainty
parameters of electromagnetic hybrid active-passive screen,
which, firstly, are initially known inaccurately, and,
secondly, can changed during system operation [24-28].

Then, for given induction vector Bp,(0;X,,0,f) of
resulting magnetic field, created by power line and only
windings of active part of hybrid active-passive shield, as
well as of geometric dimensions vector values X, of multi-
circuit passive contour shield, magnetic flux @,(X,,X,,.0,1)
piercing contour / of multi-circuit passive shield calculated

®(X,.X,.0.1)= [ Bry(X,,.0.0d5 ®)
S
Current Ip(X,,X,,0,f) in complex form, induced in

circuit / of multi-circuit passive shield calculated according
to Ohm law and in integral form of Faraday law [9]:
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Ip(X,. X ,.0.t)=—jo®(X,, X ,.0.1)/ ...
MRY(X )+ joLi(X ),

where R/(X,) — active resistance and inductance L,(X,) of
circuit / of multi-circuit passive shield calculated for
passive shield geometric dimensions vector values X,.

Then, for calculated values currents Ip/(X,,X,,0,t) in
circuits / of multi-circuit passive shield [13—15] and for
passive contour screen geometric dimensions vector
values X, magnetic field induction vector B,(0,,X,.X,.0,)
created by all circuits / of multi-circuit passive shield
calculated according to Bio-Savart law (6). This passive
shield magnetic field induction vector B,(Q;,X..X,.,0,),
based on Faraday law directed opposite to original
magnetic field generated by power line and only by
windings of active part of hybrid active-passive shield.

With help of passive part of hybrid active-passive
shield, resulting magnetic field that remains uncompensated
after operation of only active part of hybrid active-passive
screen shielded.

Definition of geometric forward magneto static
problem for overhead power lines and compensating
winding magnetic field. Let’s consider three-dimensional
quasi-static magnetic field model created by overhead
power lines. Let us set power transmission line wires
currents amplitudes A; and phases ¢; of industrial
frequency . Let us write expressions for power
transmission line wires currents in complex form

1;(t)= 4; exp j(or + ;). (10)

Then initial magnetic field induction vector B;(Q,,0,f)
calculated according to Biot-Savart law based on (6) in
magnetic field induction vectors sum form created by all
power line wires at shielding space point Q, [9]

BL(01.6.1)=2 B/(0;.6.1). (11)
Consider design magnetic field mathematical model
created by compensation windings of hybrid shield active
part. Let us set vector X,, of spatial location and geometric
dimensions of compensation windings of hybrid shield
active part, as well as compensation windings currents
amplitude A4, and phase ¢, [29-33]. Let us write
expressions for compensation windings wires currents in
complex form
1,i(t)= Ay exp (o1 + 0. (12)
Then magnetic field induction vector B,(0,X,.7)
created by all compensating windings wires of active part of
hybrid shield B,(Q.X,f) in shielding space point Q;
calculated based on (6), according to the Biot Savart law [6]

B,(01.X,.1)= ) Bui(0: X, (13)
Then resulting magnetic field 1nduction vector
Br.(0:,X,,0,t) created by all power line wires and all
windings of hybrid shield active part calculated as sum
Bro(0;,X,,0,t)= B (0;,0,1)+ B, (0, X,,1). (14)
Then resulting magnetic field induction vector
Br(0:,X,,X,,0,f) calculated as sum of magnetic field
induction vector B;(Q,0,f) created by all power line
wires, magnetic field induction vector B,(Q;,X,.f) created
by all compensating windings of the of the hybrid shield
active part, and magnetic field induction vector
B,(0.,X,,X,,0,t) created by all contours of passive part of
hybrid shield in shielding space point O,

BR(QiJXaJXpaaat)zBL(Qiaéat)-i_
.+ B, (0, X 1)+ B (01, X, X ,,0,0).

)

(15)

Definition of geometric inverse magneto static
problem for magnetic field combined electromagnetic
shielding system synthesis. Hybrid active-passive shielding
using multi-circuit windings of passive shield and
compensating windings of active shield, created
compensating magnetic field directed against original
magnetic field created by power line. Hybrid active-passive
shielding system synthesis task is to calculate spatial
location coordinates of passive shield multi-circuit windings
and active shield compensating windings as well as
compensating windings currents magnitudes and phases.
When hybrid active-passive shielding system designing,
first of all, we will design a software controller in of an
open-loop form [30-33] coarse control based on quasi-static
magnetic field mathematical model [6, 7]. Then we will
synthesis stabilizing precision controller in closed-loop form
control [34-40], based on closed-loop system dynamics
equations, taking into account models of actuators and
measuring devices, disturbances and measurement noise,
and designed to improve control accuracy compared to
open-loop control based on quasi-static magnetic field
mathematical model.

Let us introduce required parameters vector X for
design problem of hybrid system of active-passive
shielding, the components of which are vector X,
compensation windings geometric dimensions values, as
well as compensation windings currents amplitudes A4,
and phases ¢,; of active part of hybrid active-passive
shielding system, as well as vector X, of geometric
dimensions, thickness and material of the shield of
passive part of hybrid active-passive shielding system.
Then, for given initial required parameters vector values
X and for uncertainty parameters vector 6 of hybrid
active-passive shielding system resulting magnetic field
induction vector effective value Bgr(X,0,P;) in shielding
space point Q; calculated by COMSOL Multiphysics
software environment using the of the of the resulting
magnetic field instantaneous induction value vector
Br(0:,X,,X,,0,t) from (15).

In [16-18] magnetic field shielding system synthesis
problem reduced to one scalar criterion optimizing
problem, which calculated as linear convolution of
induction values in shielding space different points.
However, calculating problem correctly of weighting
factors with help of which scalar optimization criterion
formed in general form is an ill-posed problem and its
solution requires special approaches [26—30]. In addition,
in formulation of magnetic field shielding system designing
problem uncertainties of initial magnetic field models and
of control system parameters were not taken into account at
all. Therefore, in contrast to works [16—18] robust hybrid
active-passive shielding system synthesis problem reduced
to vector game solution calculating [41]

BR(X,0)=(BR(X,6.0))) . (16)

In this vector game, it is necessary to find minimum
of game payoff vector (16) from required parameters
vector X for hybrid active-passive shielding system
synthesis problem, but maximum of same game payoff
vector (16) from uncertainty parameters vector ¢ for
hybrid active-passive shielding system

Components of vector game payoff (17) are resulting
magnetic field induction effective values Bx(X,d,0)) at all
of the shielding space considered points Q;.

Components of the vector game payoff (16) are
nonlinear functions of required parameters vector X and of
uncertainty parameters vector d of of a hybrid active-passive
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shielding system synthesis problem [19] and calculated by
COMSOL Multiphysics software environment.

Vector game solution algorithm. Let’s consider
algorithm for vector game solution (16) calculating. The
works [41] consider various approaches to computing by
vector games solutions based on various heuristic
approaches. Unlike works [31, 32], in this work, in order
to find unique solution of vector game from set of Pareto-
optimal solutions, in addition to the vector payoff (16)
also used information about binary relationships of local
solutions preferences relative to each other.

A feature of solution calculated problem under
consideration is vector payoff (16) multi-extremal nature,
so that possible solutions considered region contains local
minima and maxima. This is due to fact that when
resulting magnetic field induction level minimizing in
shielding space one point, induction level in another point
increases due to under compensation or overcompensation
of the original magnetic field. Therefore, to calculate
vector game solution under consideration, it is advisable
stochastic multi-agent particle swarm optimization (PSO)
algorithms used [41].

To calculate vector games solutions of stochastic
multi-agent heuristic optimization methods used causes
certain difficulties, however, this direction continues to
develop intensively using various heuristic techniques.
For calculating original vector game solution (16)
stochastic multi-agent PSO algorithm used based on set of
particle swarms, number of which equal to number of
components of vector game payoff (16).

When calculating one single global solution to vector
game (16) of scalar games solutions that are components of
game vector (16) calculated using individual swarms. To
calculate one single global solution to the vector game (16)
individual swarms exchange information with each other
during local games optimal solutions calculation. In contrast
to works [36-38], at each swarm particle movement step
binary preference functions of local solution obtained by
one particle of swarm and global solution obtained by all
swarms used [41]. This approach allows calculated solution
that minimizes maximum resulting magnetic field induction
level value for all considered shielding space points.

PSO is a robust stochastic optimization method based
on the motion and intelligence of swarms. In PSO, each
individual is treated as a particle in the design space with
position and velocity vectors that fly through the problem
space following the current optimal particles. PSO is a
population-based search algorithm. The advantages of PSO
are that it is simple to implement and has few configurable
parameters. PSO is initialized with a population of n
random particles (solutions), which then searches for
optima by updating generations. At each iteration, each
particle is updated with the «best» solution (fitness) it has
achieved so far, which is called «best». The other «best»
solution, which is the global best solution achieved so far
by any particle in the population, is called «gbest» [41].

The PSO algorithm is a gradient-free algorithm. The
algorithm does not require the calculation of the gradient or
the Hessian matrix of second derivatives. The PSO algorithm
is actually an optimization algorithm based on random
search. A significant advantage of the PSO algorithm is the
ability to calculate the global extremum due to the exchange
of information between individual particles during the search
for local extrema using individual particles. In fact, the
«particle swarm» is a widely used approach for searching for
a global extremum with a multi-start.

However, the main disadvantage of the PSO algorithm
compared to deterministic optimization methods based on
gradient methods is the relatively long computation time.
This is, firstly, due to the search for one optimum using a
swarm of particles, which increases the search time by
approximately a number of times equal to the number of
particles in the swarm. The search time especially increases
when solving a vector optimization problem using multiple
swarms of particles, the number of swarms is equal to the
number of components of the vector objective function.
Naturally, each component of the objective function
calculated using a swarm of particles.

Therefore, to speed up the calculation of the global
optimum, it is advisable to use the PSO algorithm for a
«rough» calculation of the position of the global optimum.
It is advisable to calculate the refined position of the global
optimum using deterministic algorithms based on gradient
optimization methods, and possibly using the matrix of
second derivatives — the Hessian matrix.

The expediency of such an approach is also due to the
fact, that in the region of the extremum, the components of
the gradient vector of the objective function tend to zero.
And although the PSO algorithm is formally a gradient-free
optimization method and does not require calculating the
gradient of the objective function, the speeds of particle
movement in the PSO algorithm, which are determined
based on a random search, actually play the role of the
gradient components of the objective function. Naturally, in
the region of the extremum, these speeds of particle
movement, calculated based on a random search, also tend to
zero, which determines the use of optimization algorithms
based on the second derivatives — the Hessian matrix.

Sequential Quadratic Programming (SQP) is one of
the most successful methods for solving smooth nonlinear
optimization problems with constraints. The two most
significant features of this algorithm are the speed of
convergence and accuracy. SQP finds the search direction
using linear approximation of the constraints and quadratic
approximation of the design objective functions.

Let us consider the application of SQP method to
solve this problem. This method is a combination of the
Gauss-Newton method with determination of the direction
of motion using the quasi-Newton algorithm. SQP is one of
the most successful methods for solving smooth nonlinear
constrained optimization problems. The two most
significant features of this algorithm are the speed of
convergence and accuracy. SQP finds the search direction
using a linear approximation of the constraints and a
quadratic approximation of the design objective functions.
The solution procedure is based on formulating and solving
a quadratic subproblem in each iteration.

Let us first consider the minimization of the
quadratic norm of L2, commonly called the unconstrained
least squares problem

)3T AF

The gradient of this objective function can be
represented as follows

Vf(x)=VF(x)F(x), (18)
where VF(x)=(Vf;(x)...,V/;(x)) is the Jacobian of this
function and it is assumed that the components of the
objective function can be differentiated twice. Then the

matrix of second derivatives of the objective function —
the Hesse matrix can be written as follows

a7
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V2 f(x)=VF(x)VF(x) +B(x), (19)

where

!
B(x)= £,V f;(x)V2 /().
i=1
Then the iterative procedure for choosing the
direction d; of movement using Newton’s method can be
reduced to solving the linear system

V2 ) + V1 (i )= 0. 1)
For the iterative finding of the vector of the sought
parameters

(20)

X1 = X +Qpdy (22)
where a recurrent equation d; can be obtained in which is
the solution to the optimization problem, and oy is the
experimentally determined parameter.

This algorithm uses the Gauss—Newton method,
which is a traditional algorithm for solving the problem of
the nonlinear least squares method, to calculate the
direction d; of motion (22). In general, the Gauss—Newton
method allows you to obtain a solution to the problem of
sequential quadratic programming using only first-order
derivatives, but in real situations it often cannot obtain a
solution. Therefore, to improve convergence, second-
order methods are used, which use the matrix of second
derivatives of the objective function — the Jacobian matrix
when solving optimization problems without constraints.
Second-order algorithms, compared with first-order
methods, allow you to effectively obtain a solution in a
region close to the optimal point, when the components of
the gradient vector have sufficiently small values.

The main problem of applying the SQP method is the
need to use special methods to ensure negative eigenvalues
when approximating the Hessian matrix in the case of
alternative  approaches. Currently, the Levenberg-
Marquardt algorithm is used for pseudo-inversion of the
Hessian matrix (21).

Minimax problems are widely used in robust control.
If it is necessary to find the minimum for some variables
and the maximum for other variables of the same objective
function, then a necessary condition for the optimality of
this minimax problem is that the gradient of the objective
function is equal to zero for all variables, regardless of
whether the objective function is minimized or maximized.
When solving this minimax problem numerically, to find
the direction of movement, it is necessary to use the
components of the gradient of the objective function for
those variables for which maximization is performed, and it
is necessary to use the components of the antigradient (i.e.,
the gradient taken with the opposite sign) for those variables
for which minimization is performed.

Numerical solution of nonlinear programming
problem (17) with constraints, with the exception of direct
methods, involves the use of partial derivatives.
Analytical expressions for derivatives (18) in the
problems under consideration are usually impossible to
obtain; therefore, derivatives are calculated using various
schemes — a two-way scheme, a forward scheme, or a
backward scheme, which are approximate numerical
calculations of derivatives using difference schemes.

Simulation results. Unlike works [13—-18], in this
work spatial location coordinates of contours for multi-
circuit passive screen calculated as multi-criteria zero-
sum game (16) solution for initial magnetic field
electromagnetic hybrid active-passive shielded. In process
combined active and multi-loop passive shielding system

synthesis spatial location coordinates of 16 conductors for
multi-circuit passive shield calculated. In addition, spatial
location coordinates of two compensation windings, as
well as currents and phases in these windings of active
shielding system also calculated.

Let us consider combined shield operation to
magnetic field reduced in residential building located near
power lines with wires triangular arrangement. Figure 3
shows initial magnetic field induction distribution

generated by power line with wires triangular arrangement.
B, 0T ¥ =0m

10

10°

10"
¥ 4.74x10°2

1 15 2 25 m

X, m
Fig. 3. Initial magnetic field induction distribution

As can seen from Fig. 3, initial magnetic field
induction level in shielding space is more than 4 times
higher than sanitary standards for population safe living
of 0.5 puT.

Figure 4 shows resulting magnetic field induction
distribution when a multi-circuit passive shield operating
only. As can see from Figure 4, resulting magnetic field
induction level decreased by approximately 1.3 times, but

exceeds sanitary standards by approximately 3 times.
B uT:y=0m

10

10°

0-1
17x107™2

1 1.5 2
X, m

Fig. 4. Resulting magnetic field when multi-circuit passive
shield operating only

Figure 5 shows the of the resulting magnetic field
induction distribution when active shield with two
compensating windings operating only. As can seen from
Fig. 5, resulting magnetic field induction level decreased

by approximately 8 times.
By pT: y=0m
" Ut
A 206

10?

m

zZ,

10*

10°

u 10-1
¥ 3.16x104

2 25 m

) X, m
Fig. 5. Resulting magnetic field when active shielding system
with two windings operating only
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Figure 6 shows resulting magnetic field induction
distribution during hybrid shield operation. As can seen
from Fig. 6, resulting magnetic field induction level
decreased by approximately 8.3 times. At the same time,
resulting magnetic field induction level in shielding space
does not exceed 0.24 uT, which is more than two times
less than induction level of industrial frequency magnetic

field for population safe living.
Buns, 0Ty =0m
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— = J.z‘/ -12
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Fig. 6. Resulting field when hybrid shield working

Moreover, in comparison with active shield operation
only, when combined shield operating, initial magnetic
field shielding effective occurs in significantly larger
shielding space.

Let us now consider resulting magnetic field
induction distribution level along shielding space length
based on three-dimensional magnetic field modeling.

First, let’s consider resulting magnetic field three-
dimensional modeling results when multi-circuit passive
shield operating only. Figure 7 shows the of magnetic
field induction distribution along passive shield length for
various coordinates along multi-circuit passive shield

As can seen from Fig. 7, shielding efficiency when
multi-circuit passive shield using only remains almost
constant along shield length and only slightly decreases at
shielding area edges.

Let us now consider three-dimensional modeling
results of resulting magnetic field when active shield
operating only. Figure 8 shows resulting magnetic field
induction distribution along length for various coordinates

along shielding space height and width.
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Fig. 7. Resulting magnetic field distribution level along shielding
space length when multi-circuit passive shield operating only

-1 -0.5 [] 0.5
Fig. 8. Resulting magnetic field level distribution along
shielding space length when active shield operating only

As can seen from Fig. 8, when active shield
operating only in central part along shielding space
length, resulting magnetic field induction level is in range
0.22-0.42 uT. However, at shielding region edges,
resulting magnetic field induction level increases by
approximately 1.3—1.5 times to values of 0.27-0.7 uT.

Let us now consider three-dimensional modeling results
of resulting magnetic field during combined screen operation.
Figure 9 shows resulting magnetic field induction distribution
along length for various coordinates along shielding space
height and width when combined shield operating.

As can seen from Fig. 9, when combined shield
operates in central part along shielding space length,
resulting magnetic field induction level slightly reduced
compared to induction level when active screen operating
only. In addition, at shielding area edges, resulting
magnetic field induction level increases slightly less
compared to induction level when active shield operating
only. Thus, with the help of combined shield, resulting
magnetic field induction level reduced in significantly
larger space compared to active shield operation only.
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Two more magnetic field
sensors  installed  inside
passive shield, which axes
directed parallel to
coordinate axes. These two
sensors used in system for
resulting  magnetic  field
space-time  characteristics
measuring. This measuring
system used to control loops
adjust of active shielding
system of combined
magnetic field shielding.
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Fig. 9. Resulting magnetic field distribution level along
shielding space length during combined screen operation

Combined hybrid active and multi-loop passive

shielding system experimental setup description. To
conduct experimental studies combined shield experimental
setup 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 [42].
' Experimental setup contains
single-circuit power line setup
| with  «Triangle» type wires
{ arrangement, two compensation
: windings of active shielding
system and a multi-circuit
' electromagnetic shield made of
aluminum rod with 8§ mm
diameter. Figure 10 shows an
. experimental installation of such
multi-circuit passive shield. Two
magnetic field sensors installed
inside passive shield.

As Fig. 11 shows, to implement two closed-loop
control loops for two compensation windings of active
shielding system with feedback on resulting magnetic field.

During control loops adjusting process, these sensors
axes seted in such way as to maximum magnetic field
induction value measured generated by compensation winding
of corresponding compensating channel. This magnetic field

Fig. 10. Multi-circuit
passive shield

Fig. 12. Two compensating
windings of active shielding
system

Figure 12 shows two
compensation windings of
active shielding system.

Figure 13 shows combined shielding control system.
To measure resulting magnetic field inside shielding
space a three-coordinate magnetometer type «TES 1394S
triaxial ELF magnetic field meter» is used.

Fig. 13. Combined shielding control system

Experimental studies results. Let us consider
experimental studies results of resulting magnetic field
distribution dependences with combined multi-circuit
electromagnetic shield consisting of two compensation
windings of active shield and multi-circuit passive shield
consisting of 16 circuits.

Let us now consider of experimentally measured
distribution level of resulting magnetic field induction
along shielding space length based on three-dimensional
modeling of magnetic field distribution.

First, let us consider the experimentally measured
results of resulting magnetic field when multi-circuit passive
shield operating only. Figure 14 shows experimentally
measured distributions of magnetic field induction along
passive shield length for various coordinates along multi-
circuit passive shield height and width.
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Fig. 14. Experimentally measured distributions of resulting
magnetic field level along shielding space length when multi-
circuit passive shield operating only

As can seen from Fig. 14, shielding efficiency when
multi-circuit passive shield using only remains almost
constant along shielding space length and only slightly
decreases along shielding area edges, which corresponds
to calculated magnetic field distributions shown in Fig. 6.

Let us now consider experimentally measured values
results of resulting magnetic field when active shield
operating only. Figure 15 shows experimentally measured
distributions of resulting magnetic field induction along
length for various coordinates along shielding space
height and width.

As can seen from Fig. 15, when active shield
operating only in central part along shielding space
length, experimentally measured levels values of resulting
magnetic field induction distribution coincide with
calculated magnetic field distributions shown in Fig. 8
with 20 % accuracy.

Let us now consider experimentally measured
distributions of resulting magnetic field during operation
of combined active and multi-loop passive shielding
system. Figure 16 shows experimentally measured
distributions of resulting magnetic field induction along
length for various coordinates along shielding space
height and width during of the combined shield operation.
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Fig. 15. Experimentally measured distributions of resulting
magnetic field level along shielding space length when active
shield operating only

As can seen from Fig. 16, when combined shield
operating, the experimentally measured induction levels
values of resulting magnetic field distribution coincide
with calculated magnetic field distributions shown in
Fig. 9 with 20 % accuracy.

Thus, based on three-dimensional modeling results
and experimental studies, it has been established that with
combined shield help resulting magnetic field induction
level reduced in significantly larger space compared to
active screen operation only.

Conclusions.

1. For the first time system synthesis methodology for
robust combined active and multi-circuit passive shielding
system to improve effectiveness of of industrial frequency
magnetic field reduction in residential buildings space
created by overhead power lines wires developed.

2. Developed system synthesis methodology for
robust combined electromagnetic active and multi-circuit
passive shielding system synthesis based on vector game
solution. Vector game payoff calculated by finite element
calculations system COMSOL Muliphysics. Vector game
solution calculated based on hybrid optimization
algorithm, which globally explores synthesis search space
using particle swarm optimization and gradient-based
sequential quadratic programming to rapidly calculated
optimum synthesis point from Pareto optimal solutions
taking into account binary preferences relationships used.
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Fig. 16. Experimentally measured distributions along of
shielding space length of resulting magnetic field level during of
the combined shield operation

3. Performed theoretical studies results shown that
shielding factor by only electromagnetic multi-circuit
passive shield made from 1.5 mm thickness solid
aluminum plate is about 2 units, only active shield made
from winding form consisting of 20 turns is about 4 units.
When combined electromagnetic passive and active shield
used, shielding factor was more 10 units, which confirms
its high efficiency, exceeding product shielding factors of
passive and active shields.

4. Performed experimental studies results confirmed
modeling and theoretical studies results. Experimentally
measured induction levels values of resulting magnetic
field distribution coincide with calculated magnetic field
distributions with 20 % accuracy.

5. Practical used of developed combined active and
multi-loop passive shielding system will allow magnetic
field level reducing in residential building from phase
wires triangular arrangement of overhead power lines to
population safe level of 0.5 pT.

6. In the future, it is necessary to implement such
combined electromagnetic active and multi-circuit passive
shielding systems to normalize the field in real residential
building.
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