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The methodology of multi objective design of active-passive shielding system for overhead power
lines magnetic field in residential buildings space based on metaheuristic optimization method

Problem. Most studies of power frequency magnetic field reduced to safe level in in residential buildings located near overhead power lines
carried out based on passive or active electromagnetic shielding, but there is no methodology for designing active-passive systems that
include active and solid or multi-circuit passive shields. The goal of the work is to develop the methodology of multi objective design of
active-passive electromagnetic shielding system, conmsisting of active and solid self or multi-circuit passive parts to improve shielding
efficiency of initial magnetic field in residential building edges generated by overhead power lines to sanitary standards level. This goal
proposed to achieve based on metaheuristic optimization method Methodology. Multi objective design methodology of active-passive
shielding system based on solution of the geometric inverse problem of magnetostatics for the resulting magnetic field generated by the
transmission line wires, compensation windings of the active shielding system and a passive shield in the form of a solid or multi-loop shield.
The geometric forward problem is solved based on solutions of Maxwell’s equation for magnetic field three-dimensional model using the
COMSOL Multiphysics sofiware. The solution of the geometric inverse problem of magnetostatics is formulated as a minimax vector
problem of nonlinear programming. The solution of the minimax vector problem of nonlinear programming is calculated based on the
metaeristic optimization algorithm from Pareto optimal solutions taking into account binary preference relations. Results. During combined
active and solid or multi-circuit passive shielding system design spatial arrangement coordinates of solid or multi-loop passive shield and
compensating windings, as well as windings currents and phases of active shield calculated. New scientific results are theoretical and
experimental studies of a designed combined active and of solid or multi-circuit passive shielding system efficiency for magnetic field created
by overhead power lines. Scientific novelty. For the first time multi objective design methodology for combined active and solid or 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 coordinates of the spatial arrangement of compensation windings of the active shielding
system and a passive shield in the form of a solid or multi-loop shield, as well as the currents and phases in the compensation windings,
parameters of regulators of the open and closed controls of the two degrees of freedom active shielding system and parameters of positions
of magnetic field sensors of the active shielding system for magnetic field generated by overhead power lines in residential building space
are given. The possibility of reducing the initial magnetic field induction to the sanitary standards level shown. References 438, figures 11.
Key words: overhead power line, magnetic field, combined electromagnetic active and passive shielding system, design
computer simulation, experimental research.

Ilpobnema. Binvwicmv Oocniodcenv NO 3HUICEHHIO DIBHA MAZHIMHO20 MO NPOMUCTOB0I 4ACMOMU 8 JICUMAO0BUX OYOUHKAX, WO
PO3MAUIOBAaHI NOOIU3Y NOGIMPSAHUX MiHIl eleKmponepeoayi, 00 6e3NeUH020 PiBHs, BUKOHAHI HA OCHOBI NACUBHUX AO0 AKMUBHUX 3AC00i8
e1eKMPOMACHIMHO20 eKPAHYBAHHS, ajle GIOCYMHSA MemOoO0N02is NPOEKMYBAHHA AKMUBHO-NACUSHUX CUCTEM, SIKI BKTIOUAI0Mb AKMUGHI
ma cyyinoni abo 6azamoxonmypni nacusui expanu. Memoio pobomu € po3podka memooonoii 6azamoyinbo8020 NPOEKMY6aHH
AKMUBHO-NACUBHOT cUCeMU eleKMPOMASHIMHO020 eKPAHYB8AHHA, WO CKIA0AEMbCA 3 aKMUBHUX Ma CYYIIbHUX abo 0azamoKoHmMypHUX
nacusHux Hacmun O NiOBUWeHHs eheKmUBHOCHI eKpany8aHHsa GUXIOHO20 MASHIMHO20 NOJA HA KPAsaX JICUMNOSUX Oyldisenv, ujo
2eHepyEMbCsl NOGIMPAHUMUY NIHIAMU enekmponepedati, 00 piensa canimapuux nopm. [ocsemu 3aznauenoi memu nponoHyemuvcs Ha
0CHO8I Memody memaespucmuyroi onmumizayii. Memoouka. bazamoyinb06e npoeKmy8anHsa aKMUEHO-NACUBHOT CUCTNEMU eKPAHYBAHHS
bazyemucs na po3e a3anHi ceomempuiHoi obepHenoi 3a0aui MazHIMOCMAamuKy 051 Pe3yIbmyIou020 MAHIMHO20 NOJIA, WO 2eHePyEMbCsl
npogooamu ninii enexmponepeoayi, KOMNEHCAYiuHUMU OOMOMKAMU AKMUBHOI cUCeMU eKPAHYBAHHS MA NACUBHUM eKPAHOM Y 8u2aA0i
cyyinbio2o abo bazamoxkonmyprozo expamy. I eomempuuna npama 3a0a4a oOUUCTIOEMbCS HA OCHOGI PO36 A3Ki6 pieHanHa Makceenna
Ona  MpUBUMIPHOI MOOeNi MASHIMHO20 NOAAL 34 00NOMo2ot0 npozpamuozo 3abesneuenns COMSOL Multiphysics. Po3s’azox
2e0MeMPUYHOI 00epHenol 3a0aui MAHIMOCMAmuKy POPMYIOEMbCA AK MIHIMAKCHA 6EKMOPHA 3A0a4a HEeNiHIHO20 NPOSPAMYEAHHS.
Po3é’sz0x minimaxcnoi éekmophoi’ 3a0aui HeniMiliNo20 NPOSPAMYBAHHs PO3PAX0BYEMbCA HA OCHOGI MEMAespUcmuiHo20 aneopummy
onmumizayii, wjo 6azyemucs na onmumanvhux 3a Ilapemo po3s’sazkax 3 ypaxysanuam 6inapnux cniesionouienv nepegazu. Pezynomamu.
B npoyeci bazamoyineo6020 npoekmyeanis akmueHo-nAcCUGHOI CUCeMU eNeKMPOMACHIMHO20 eKPaAHYBAHHs PO3PAXOEAHO KOOPOUHANU
npoCmopo8o20 po3mMAauily8ants CyyiibHo2o abo 0azamoKoHMYpHO20 NACUEHO20 eKpaHy Ma KOMNEHCAyiiHuX O0OMOMOK cucmemu
AKMUBHO20 eKPAHYBAHHS, 4 MAKOJIC CIMPYM ma (azu KOMREHCYIOUUx 0OMOMOK cucmemu akmueHo2o expanysanns. Hosumu naykosumu
pe3yIbmamamu € meopemudni ma eKCHepUMEHMANbHI OOCTIONCEHHS. epheKMUGHOCMI CUHME308aH0I KOMOIHOB8AHOT akmueHoi ma
CYYinbHOl, abo 6acamoKOHMYpHOL, NACUBHOI eNeKMPOMASHIMHUX EKPAHYIOUUX CUCTEM MACHIMHO20 NOJs, WO CMEOPIOEMbCS
nogimpsiHumu ninismu enexkmponepeoaui. Haykoea noeusna. Bnepuie pospobreno memooonoeito 6azamoyiib08020 NPOEKNYSAHHS
KOMOIHOBAHOI akmueHoi ma CyyinbHoi, abo 6acamoKOHMypPHOL, NACUBHOI cucmeMu eKPAHY8AHHS 3 VDAXYEAHHAM eqeKmusHOCni
EKPAHYBAHHS PE3YbMYIOU020 MAZHIMHO20 NONA HA KPAAX HCUMA0SUX 6YOieent 0is Oinbill eqheKmusHo20 3MEeHEHH MACHIMHO20 NOJA
NPOMUCTIOB0T HACMOMU, WO CMEOPIOEMbCS NOGIMPSHUMU TIHIAMU elexmponepedadi. Tpakmuyuna 3nauumicms. Haoano npaxmuuni
pexomenoayii w000 O06IPYHMOBAH020 BUOOPY KOOPOUHAM NPOCMOPOBO2O PO3MAULYBAHHS KOMNEHCAYIUHUX O0OMOMOK cucmemu
AKMUBHO20 eKPAMYBAHHS MA NACUBHO2O eKPAHY Y 8U2IAJL CYYiTbHO20, ab0 DA2AmMOKOHMYPHORO, eKpaKy, d MAaKodc Cmpymie ma ¢as 6
KOMREHCayitiHux 0OMOMKAX, NApamempie pe2yiamopie po3iMKHYno20 ma 3aMKHYMo20 YRPAGIIHHS CUCeMU aKIMUBHO20 eKPAHYB8AHHS 3
06oma cmyneHamu c80600uU Mma NApamempie noI0ACeHb OAMUUKIE MASHIMHO20 NOJIA CUCHEMU AKMUBHO20 eKPAHYBAHHS Ol MACHIMHO20
NoJA, WO 2eHEPYEMBCS NOGIMPAHUMU TIHIAMU eleKmponepeoayi 8 npocmopi scumaosoi 3a0yoosu. Ilokazana MoNCIUGICMb 3HUICEHHS
iHOYKYIT UXIOHO20 MACHIMHO20 NOJA 00 pigHs canimapnux Hopm. biom. 48, puc. 11.

Knrouoei crosa: noBiTpsiHa JiiHis eJieKTponepeadyi, MarHiTHe 1moje, cucTeMa KOMOIHOBAHOI'0 €1eKTPOMATHITHOIO AKTUBHOI'O
Ta MACHBHOTO0 €KPAHYBAHHS, NPOEKTYBAHHS, KOMII’IOTePHe MO/IeJIIOBAHHS, eKCIIepUMeHTAJbHi A0CTi/IzKeHHS.

Introduction. Operating high-voltage overhead World Health Organization discovered the carcinogenic

power lines, located in residential areas of most developed
countries of the world, are the main sources of power
frequency magnetic fields, which massively affect the
population and are more dangerous to health than electric
fields. At the end of the 20th century, experts from the

properties of the power frequency magnetic field with its
weak but long-term effect on humans [1]. Therefore, over
the past 20 years, sanitary standards for the maximum
permissible level of power frequency of 50-60 Hz for the
population have been actively implemented and constantly
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strengthened in the world, and intensive development of
methods for normalizing power frequency magnetic fields
is being carried out [2, 3].

Calculations and the results of numerous experiments
show, the maximum permissible level of induction of
power frequency magnetic fields at the border of sanitary
protection zones of operating overhead lines, which were
previously determined only by the EP, can be exceeded by
more than an order of magnitude [3—5]. This poses a threat
to the health of hundreds of thousands of people living
closer than 100 m from the overhead line.

\ i Y As an example,
f Fig. 1 shows
residential  buildings
located close to power
line. From an
economic point of
view, methods of
shielding  residential
buildings from
magnetic field
f overhead lines are
more promising [6, 7].
The economic
significance of the
work lies in
normalizing the level

Fig. 1. Residential buildings located

close to power line
of the magnetic field of industrial frequency in existing
residential buildings located near overhead power lines,
without decommissioning or reconstructing already
operating overhead lines. The social significance of the
work lies in ensuring the protection of public health from
the negative effects of the man-made magnetic field of
industrial frequency and, accordingly, extending the life
expectancy of the population of Ukraine.

However, at present, the problem of effective shielding
of power frequency magnetic fields of overhead lines has
not been sufficiently studied. Methods of passive
(electromagnetic) shielding of power frequency magnetic
fields with conductive plates, which are traditional and
effective for power frequency magnetic fields, when used
for shielding magnetic fields of power frequency 50-60 Hz,
require increased metal capacity, which within the
framework of economic feasibility limits their efficiency to
the level of 2-3, which in some cases is insufficient [8, 9]. In
addition, traditional passive electromagnetic shield are
airtight for air and opaque for light, which creates a problem
of shielding window openings of residential buildings.

Active shielding methods of power frequency
magnetic fields can be provided higher efficiency of
shielding of overhead power lines (up to 10) with lower
metal content [10—13]. Their essence lies in the automatic
formation in a closed structure using special windings of
compensating power frequency magnetic fields with such
a space-time structure, the superposition of which with
the power frequency magnetic fields of the overhead
power line in the protection zone is minimized to a safe
level [14-16]. The technology of active shielding of
power frequency magnetic fields of operating overhead
power lines has been used for more than 10 years by most
developed countries of the world, for example, the USA,
Italy, Spain and Israel [17, 18].

However, methods and means of increasing the
characteristics of both active and passive shielding

systems of residential buildings for effective protection of
their residents from the effects of overhead power lines
remain undeveloped [19-26]. Also, the methods of active
and passive shielding do not have a theoretical and
experimental justification, and the criteria for their
rational use depending on the design and localization of
overhead power lines relative to the residential building
have not been determined [26-28]. The idea of the
research is to optimize the systems of active and passive
shielding of overhead power lines in residential buildings
depending on the spatial structure of the overhead power
lines, which is determined by the design and localization
of overhead power lines, as well as the use of transparent
lattice electromagnetic shielding for residential buildings.

When designing combined electromagnetic shield, it
is necessary to reduce the level of the initial magnetic field
in the entire shielding space along the length, width and
height of the residential building [29-31]. Therefore, it is
necessary to use a three-dimensional model of the magnetic
field. Moreover, the need to use passive shielding may be
needed precisely at the edges of the residential building
[32-34]. When designing combined electromagnetic
shielding, it is necessary to take into account the inaccurate
knowledge of the parameters of the initial magnetic field,
as well as their change during operation, and therefore the
designed system must be robust [35-37].

Therefore, the problem of designing combined
electromagnetic shielding taking into account the
uncertainties of the initial magnetic field model is reduced
to solving a minimax vector optimization problem with
constraints [38—40]. The components of the vector
objective function are the values of the induction of the
resulting magnetic field at the considered points of the
shielding space. These components of the vector objective
function are nonlinear nonconvex functions and contain a
set of local extrema [41—43].

To solve such complex, multidimensional nonlinear
and nonconvex optimization problems, metaheuristic
group intelligence algorithms are widely used [31, 32].

The goal of the work is to develop the methodology
of multi objective design of active-passive electromagnetic
shielding system, consisting from active and solid or multi-
circuit passive parts to improve shielding efficiency of
initial magnetic field in residential building edges
generated by overhead power lines to sanitary standards
level. This goal proposed to achieve based on metaheuristic
optimization method.

Definition of geometric forward magnetostatic
problem for passive solid electromagnetic shield. The
most widespread method of reducing the magnetic field level
is electromagnetic shielding using a solid passive shield. The
geometric forward problem of magnetostatics for solid
passive electromagnetic shield is to calculate the secondary
three-dimensional model of magnetic field generated by a
solid passive electromagnetic shield placed in the original
magnetic field. It is assumed that the coordinates of the
spatial location, geometric dimensions and electrical
parameters — electrical and magnetic conductivity of the
solid passive electromagnetic shield are specified. Naturally,
the original magnetic field is also considered specified.

To model electromagnetic processes in a solid passive
electromagnetic  shield, the COMSOL Multiphysics
software is used to solve Maxwell’s equations using the
finite element method for three-dimensional models of the
electromagnetic field in the following form.
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Gauss’s law for electric field

v.E=L, (1)
€0
Gauss’s law for magnetism
V-B=0; 2)
Faraday’s law for electromagnetic induction
OB
VxE=——; 3
= A3)

Ampere’s loop law
VB = i+ o )

where vector E is electric field strength; vector B is
magnetic flux density; vector J is current density; p is
electric charge density.
To study the process of electromagnetic shielding of
a three-phase power line through which a harmonic
current flows in a steady state, the law of the total current
in integral form, written in a quasi-stationary
approximation in terms of complex amplitudes, was used:
§Hd1 - j YEdS + jJex’dS , (5)
/ S S
where H, E — complex amplitudes of the intensity vectors
of the magnetic and electric fields, respectively;
J?" — complex amplitude of the current density vector of
external sources; y — specific electrical conductivity;
[ — contour covering the integration surface S.
Equation (1) can be written in the form:

§irotA"d1 =L@ j yA"dS + 11y - j JAS (6)

1 H 3 3
where A" is the vector magnetic potential; 4 is the relative
magnetic permeability; 1g=47-10"" H/m is the magnetic
constant; o is the circular frequency.

The obtained equation describes the distribution of
vector magnetic potential in the system «solid
electromagnetic shield — current sources of magnetic
field». The electromagnetic shield is given by its
geometric parameters, relative magnetic permeability u
and specific electrical conductivity y. For the external
environment, we can set =1, y=0. The system of current
sources is described by the frequency o and the current
density distribution vector J. In this case, the current
conductors are considered as current filaments.

Numerical modeling of electromagnetic processes in
systems with extended current conductors and thin-walled
open-circuited conductive shielding elements is based on
the combined use of finite difference methods and
absorbing boundary conditions, the division of the
computational domain into a number of additional
subdomains containing thin-walled elements, and the use of
a non-uniform computational grid to calculate the field in
the thickness of the shield walls with subsequent «stitching»
of the solutions obtained in each subdomain [44, 45].

The computational domain contains current
conductors, an electromagnetic shield and a protected
area. Uniaxial well-matched layers are introduced at the
boundaries of the computational domain: this additional
medium occupies several cells of the computational grid
and plays an auxiliary role, and its anisotropic parameters
ensure fast and non-reflective attenuation of the

electromagnetic field in it. Therefore, at its outer
boundary, the value of the vector magnetic potential can
be set equal to zero: 4° = 0. The computational domain
was divided into a number of additional subdomains,
some of which contained thin-walled conductive
elements. A rectangular grid was imposed in each
subdomain, and the step inside the shielding elements was
smaller. The solutions obtained in each subdomain were
«stitched» at their boundaries [46].

Let us define the vector X, of the sought
parameters of solid passive electromagnetic shield, the
components of which are coordinates of the spatial
location, geometric dimensions and electrical parameters
— electrical and magnetic conductivity of the solid passive
electromagnetic shield. Such three-dimensional numerical
modeling allows us to calculate instantaneous value of a
vector B, (X, P, f) of induction of the three-
dimensional model of magnetic field generated by solid
electromagnetic shield at the point P; of the shielding
space at the moment of time ¢. Therefore, the geometric
forward problem of magnetostatics for a solid passive
electromagnetic shield is solved.

Definition of geometric forward magnetostatic
problem for multi-circuit passive electromagnetic
shield. The geometric forward problem of magnetostatics
for multi-circuit passive electromagnetic shield is to
calculate the secondary three-dimensional model of
magnetic field generated by a multi-circuit passive
electromagnetic shield placed in the original magnetic
field [26]. It is assumed that the coordinates of the spatial
location, geometric dimensions and electrical parameters
— electrical and magnetic conductivity of multi-circuit
passive electromagnetic shield are specified. Naturally,
the original magnetic field is also considered specified.

Multi-circuit passive shield consist of a set of
aluminum wires that are interconnected in a certain way
and form current circuit. In most cases, all the wires of the
shield are connected in parallel. The wires are arranged
parallel to each other and parallel to the overhead line,
which provides the greatest shielding efficiency. The
calculation of the magnetic field of multi-circuit passive
shield can be carried out by analytical, semi-analytical or
numerical methods.

For given initial magnetic field induction vector
Br(0:, X,, 0, t) as well as of geometric dimensions vector
values X, of multi-circuit passive contour shield,
magnetic flux @(X,, X,, J, f) piercing contour / of multi-
circuit passive shield calculated [26]

dil(Xa,Xp,é,t):jBRa(Xa,é,t)dS. %)
S

Current Ip(X,, X,, d, f) in complex form, induced in
circuit / of multi-circuit passive shield calculated according
to Ohm law and in integral form of Faraday law [19]:

Ip(X,. X ,,0,t)=—joB(X,, X ,.0,0)]...
CMR(X )+ joL (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,.

In the numerical method of calculating the three-
dimensional model of the magnetic field of multi-circuit

®)
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passive shield, the coordinates of the spatial arrangement
of the wires, the geometric dimensions of these wires and
the electrical conductivity of the shield wires are given.
The entire calculation area is divided into sub-areas, each
of which is aluminum or air. During the calculation,
discrete calculation mesh were superimposed, the types
and sizes of which differed significantly according to the
calculation sub-area. The presented model allows you to
calculate the electric currents induced in the screen and,
accordingly, find the three-dimensional model of of the
shielded magnetic field distribution.

Let us define the vector X, of the sought parameters
of multi-circuit passive electromagnetic shield, the
components of which are coordinates of the spatial
location, geometric dimensions and electrical parameters —
electrical and magnetic conductivity of multi-circuit
passive electromagnetic shield. Such three-dimensional
numerical modeling allows us to calculate instantaneous
value of a vector B,.(X,., P;, f) of induction of the three-
dimensional model of magnetic field generated by multi-
circuit electromagnetic shield at the point P; of the
shielding space at the moment of time ¢. Therefore, the
geometric forward problem of magnetostatics for a multi-
circuit passive electromagnetic shield is solved.

Definition of geometric forward magnetostatic
problem for active quasi-static electromagnetic shield.
Let’s first consider a quasi-static formulation of the
forward magnetostatic problem of current regulation in
the compensation windings of an active shielding system.
This direct problem involves calculating a three-
dimensional model of the magnetic field generated by the
compensation windings of an active shielding system. It is
assumed that the spatial coordinates of these
compensation windings of the active shielding system are
specified, as are the instantaneous current values — the
amplitudes and phases of the currents in these
compensation windings of the active shielding system.

Three-dimensional model is calculated the magnetic
field inside a residential building and represents the
compensation windings of the active shielding system as a
set of current conductors, while the influence of other
elements is not taken into account. The general method of
calculating the three-dimensional model of magnetic field
based on the Biot-Savart law. The essence of the method
is that the conductors are replaced by a broken line
consisting of straight segments. A current i(f) flows
through each infinitely thin segment of the conductor with
a d/ length. According to the Biot-Savart law, the current
i(¢) flowing through the segment d/ generates a magnetic
field with induction:

t —L(t) X
aB(r) =2 LI R). ©)

Then we can calculate the magnetic field induction
generated by the entire compensation winding.

ki) % (@xR)
Bl)="1 IL P (10)

where it is assumed that the integration is carried out
along a line segment (—L,+L) along which the unit vector
is directed.

Let us define the vector X, of the sought geometric
parameters of compensation windings of an active
shielding system, the components of which are
coordinates of the spatial location, geometric dimensions
compensation windings of an active shielding system.

Let us define also the vector I, of sought electric
parameters of compensation windings of an active
shielding system, the components of which are current in
these compensation windings of an active shielding system.

Such three-dimensional numerical modeling allows us
to calculate based on the Biot-Savart law (6) instantaneous
value of a vector By (Xugs, Lugss Pi» t) of induction of the
three-dimensional model of magnetic field generated by
active quasi-static electromagnetic shield at the point P; of
the shielding space at the moment of time ¢. Therefore, the
geometric forward problem of magnetostatics for active
quasi-static electromagnetic shield is solved.

Definition of geometric forward magnetostatic
problem for magnetic field sensors positions of active
electromagnetic shield. The active shielding system is a
multi-channel dynamic automatic control system, the
number of channels in which is determined by the number
of compensation windings. This active shielding system is
a two-degree-of-freedom system and simultaneously
includes open and closed control loops. The forward
objective of designing an active shielding system is to
calculate the currents in the compensation windings of the
active shielding system using magnetic field sensors.
Moreover, to implement closed-loop control, the magnetic
field sensors are installed within the shielding space.

The number of these magnetic field sensors is
usually equal to the number of compensation windings in
the active shielding system. To implement open-loop
current control in the compensation windings of the active
shielding system, the magnetic field sensor is installed
outside the shielding space. Typically, to implement open
current control loops in all compensation windings of the
active shielding system, one magnetic field sensor is used,
which is installed at a significant distance from the
shielding space. In this case, it is assumed that the
voltages at the outputs of the magnetic field sensors,
which are used to implement open and closed loops for
regulating currents in the compensation windings of the
active shielding system, are specified.

The geometric forward magnetostatic problem for
positions of magnetic field sensors of active
electromagnetic shield is to calculate the output of the
magnetic field sensors, which is necessary for
implementing open and closed loop current control in the
compensation windings of the active shielding system. In
this case, it is naturally assumed that the spatial coordinates
and spatial orientation angles of these magnetic field
sensors are specified. Naturally, the magnetic field at the
location of these magnetic field sensors is also assumed to
be known.

Let’s first consider definition of geometric forward
magnetostatic problem for magnetic field sensors
positions of active electromagnetic shield. We introduce
the induction vector Bz(f) the components of which are
induction vectors Br(Q,,f) of the resulting magnetic field
at points Q; of magnetic field sensors installed. We also
introduce the unit vectors ¢ of the angular positions of the
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magnetic field sensors and column vector K,, of the gain
coefficients of the magnetic field sensor taking into
account the number of turns of their measuring coils and
the gains of the preamplifiers.

Then the vector y(f) of sensor output voltage will
take the following form

Ys(O)=Br()@ 9@ Ky +w(?), (11

where the sign ® denotes the tensor (Kronecker) product of
the column vectors; w(?) is the magnetometer noise vector.

The components of the sensor output voltage vector
ys(t) are instantaneous values of projections of the
components of the induction vectors Bg(Q;, t) of the
resulting magnetic field in sensors installed points Q; on
the components of unit vectors ¢ of the angular position
of the magnetic field sensors taking into account the
components of column vector Kj, of the magnetic field
sensor gain coefficients.

Let’s define a vector X, of positions of magnetic
field sensors for active dynamic electromagnetic shield,
whose components are the vector of spatial coordinates Q;
and the vector of angular positions ¢ of the magnetic field
sensor. Then, for a given vector X,,, based on (7), a
geometric forward magnetostatic problem for magnetic
field sensors positions of active electromagnetic shield
can be solved — the vector of instantaneous values of the
magnetic field sensor output voltages can be calculated.

Definition of forward problem for active dynamic
electromagnetic shield. Let us now consider the forward
problem for active dynamic electromagnetic shield of
calculating the currents I,(f) in the compensation
windings of the active shielding system using a dynamic
system with two degrees of freedom based on the output
voltages y,(¢) of the magnetic field sensors.

Let us introduce the vector X,,,, the components of
which are the parameters of the open and closed
controllers R(X,,), with the help of which control with
two degrees of freedom is implemented. Then, based on
the vectors yy(f) of instantaneous values of the output
voltages of the magnetic field sensors using the regulators
of the open and closed controls of the two degrees of
freedom active shielding system, a vector [I,(f) of
instantaneous values of the currents in the cleanliness
windings can be calculated.

Iw(t""l):R(Xars)ys(t)' (12)

Definition of geometric inverse magnetostatic
problem for combined electromagnetic shield. The
resulting magnetic field in the shielding space is a
superposition of the original magnetic field generated by
the transmission line wires and the combined
electromagnetic shield. The combined electromagnetic
shield includes the active shield windings and a passive
solid or multi-circuit shield.

In most works devoted to the calculation of the
electromagnetic field of power transmission lines, the
sagging of the wires on the field distribution is not taken
into account. The wires are assumed to be infinite,
rectilinear and parallel to the earth’s surface. The advantage
of this approach is that it allows the problem of calculating
the magnetic field to be considered in a two-dimensional
setting. However, research results have shown that

neglecting the effect of sagging when calculating the
magnetic field can lead to an error of 45 %.

Therefore, when calculating the magnetic field of
overhead power lines, we will take into account the
sagging of the wires. It is assumed that the wires have the
shape of a catenary line, and in this case the problem of
calculating the magnetic field is three-dimensional.

Let us define the vector X, of the parameters of
overhead power lines, the components of which are are
coordinates of the spatial location and geometric
dimensions of overhead power lines wires as wel as
vector Xj,; of amplitudes 4; and phases ¢, of currents in
power transmission lines wires.

Currents in transmission lines exhibit daily, weekly,
seasonal, and annual variations. Let’s define the
uncertainty vector d of the initial magnetic field generated
by the transmission line. Then, the vector B;,/(d, P;, t) of
the instantaneous value at time t of the resulting magnetic
space point P; can be calculated as a three-dimensional
model based on the Biot-Savart law (10).

Such three-dimensional numerical modeling allows us
to calculate the distributions of the induction of the three-
dimensional model of magnetic field generated by the
transmission line wires, that is, to solve the geometric forward
problem of magnetostatics for transmission line wires.

Let us first consider the problem of compensating
for the initial magnetic field generated by the power
transmission line wires using a combined shield in a
quasi-static setting. For given vectors of parameters of a
solid passive electromagnetic shield X, a multi-circuit
passive electromagnetic shield X, and geometric X,
and currents I, parameters of compensation windings of
an active shielding system in a quasi-stationary setting
based on the solution of geometric forward problems, the
instantaneous values of the magnetic field induction
vectors B, (X, P, f) generated by solid passive
electromagnetic shield vectors B,.(X,., P; ) generated
by multi-circuit passive electromagnetic shield vectors
By (Xugss Lags> Pi, t) generated by compensation windings
of an active shielding system at the moment of time ¢ in
space point P; can be calculated.

Let us introduce the vector X of the required
parameters of the design of a combined shield, the
components of which are vectors of parameters of a solid
passive electromagnetic shield X,,., a multi-circuit passive
electromagnetic shield X, and geometric X, and
currents I, parameters of compensation windings of an
active shielding system in a quasi-stationary setting

X:(XPSS’XpCS’XaqsaI (13)

Then the instantaneous value of the vector Br(X, J,

P, f) of the resulting magnetic field induction is
calculated as the following sum

aqs )

BR(Xvaﬂpiﬂt):Bz'pl(aapivt)"'Bpss(Xpssti’t)"' (14)
+chs(chs’Pi’t)+ Baqs(Xaqs’Iaqsapiat

Let us now consider the problem of compensation of
the initial magnetic field generated by the power
transmission line wires using a combined shield in a
dynamic setting taking into account the solution to the
problem of spatial placement and angular position of
magnetic field sensors, as well as the design of active
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shielding system controllers as a dynamic system with
two degrees of freedom. In contrast to the quasi-static
formulation of the problem of designing a combined
shield, when the currents in the compensation windings of
the active shielding system are the desired parameters, in
the dynamic formulation of the problem of designing a
combined shield, when the currents in the compensation
windings of the active shielding system are calculated
using a dynamic system with two degrees of freedom.

For the given values of the vector X, of the sought
parameters of the spatial and angular positions of the
magnetic field sensors, the output voltages y(f) of the
magnetic field sensors are calculated based on the solution of
the geometric forward problem. Naturally, when calculating
the output voltages of the magnetic field sensors, the
calculated values of the vector Br(Q;, ¢) of resulting magnetic
field at the installation points Q; of the magnetic field sensors
inside the shielding space are used to implement closed-loop
control algorithms for the currents of the compensation
windings of the active shielding system.

When calculating the output voltage y,(¢) of the initial
magnetic field sensors, the calculated values of the initial
magnetic field B,(Q,, ) at the installation points O; of the
magnetic field sensor outside the shielding space are used
to implement open-loop control algorithms for the currents
of the compensation windings of the active shielding
system. For the given values of the vector X, of the
parameters of the active shielding system regulators, the
vector I,(¢) of instantaneous values of the currents in the
compensation windings of the active shielding system are
calculated based on the calculated output voltages y(f) of
the magnetic field sensors. Then, for the values of currents
I(?) in the compensation windings of the active dynamic
shielding system calculated in this way and for the given
values of the vector X, of the sought geometric
parameters of compensation windings of an active
shielding system, the value of instantaneous value of
induction vector B.(X,gs» Xusps Xars> Pi» 1) 18 calculated.

Then three-dimensional numerical modeling allows
us to calculate based on the Biot-Savart law (10)
instantaneous value of a vector B u(Xugs» Xusps Xars> Pis 1)
of induction of the three-dimensional model of magnetic
field generated by active dynamic electromagnetic
shielding system at the point P; of the shielding space at
the moment of time ¢. Therefore, the geometric forward
problem of magnetostatics for active dynamic
electromagnetic shielding system is solved.

Let us introduce the vector X of the required
parameters of the design of combined shield with
dynamic  electromagnetic  shielding system, the
components of which are vectors of parameters of a solid
passive electromagnetic shield X, a multi-circuit passive
electromagnetic shield X, geometric parameters X, of
compensation windings of an active shielding system,
positions X,, of magnetic field sensors for active
dynamic electromagnetic shield and regulator parameters
X, of active dynamic electromagnetic shielding system

X = (X 60 X pes> Xags> Xagp» X, (15)

pss><X pess»“Xags><rasp>

Then the instantaneous value of the vector Br(X, o,
P, t) of the resulting magnetic field induction is
calculated as the following sum

ars )

BR(X,ﬁ,Pi,t)= Bipl(aapiat)"_Bpss(Xpss’Pis

B, \X, ., P,t|+B (X X, p> X grs» B

t)+
(16)
pcs( pes» ift) ags \“*aqs>“*asp> il

The requirements for the resulting magnetic field
level apply not to the instantaneous value Bi(X, o, P;, f) of
the magnetic field induction vector, but to its effective
value. Therefore, based on the instantaneous value Br(X,
d, P;, 1) of magnetic field induction vector we calculated
effective value Bp(X, 0, P;) of resulting magnetic field
induction in shielding space point P. A safe magnetic
field level for habitation is usually regulated throughout
the entire shielding space, so we introduce a vector Br(X,
0) of effective magnetic field values. Its components are
the effective magnetic field values Bg(X, J, P, at
individual points P; of the shielding space, covering the
entire shielding space

Br(X,0)=(Br(X.6,P).Bx(X.6,P,).. Bp(X.6,P,)) . (17)

Then the problem of designing a combined shield is
reduced to solving a nonlinear minimax vector
optimization problem Bg(X, d). In the process of this
problem solving it is necessary to minimize Br(X, 9)) (14)
or (16) by the vector X (9) or (15) of sought parameters,
but to maximize this same Br(X, J) by the vector ¢ of
uncertainty parameters.

Metaheuristic optimization algorithm. A distinctive
feature of the nonlinear minimax vector optimization
problem (15) or (17) is its multi-extremality, which is due to
the nature of the original nonlinear functions. Furthermore,
the scalar objective functions that are components of the
vector objective function are antagonistic. This is due to the
nature of the compensation of the initial magnetic field at a
specific point in the shielding space. When minimizing the
magnetic field level at a particular point in the shielding
space, the magnetic field level at other points in the
shielding space increases due to undercompensation or
overcompensation of the original magnetic field using a
combined electromagnetic shield.

To solve such complex, nonlinear and
multidimensional optimization problems metaheuristic
algorithms of group intelligence are widely used. From
metaheuristic algorithms the most widely used are genetic
optimization, particle swarm optimization (PSO), white
whale optimization, gray wolf optimization, wind driven
optimization, bacterial foraging optimization algorithm,
binary particle swarm optimization, harmony search
algorithm, flower pollination algorithm, harmony flower
pollination algorithm, multiverse optimization algorithm,
coco search algorithm and many other algorithms that
model the group intelligence of the behavior of a swarm of
living organisms. To improve computing capabilities, a
combination of these metaheuristic algorithms is used, and
these evolutionary algorithms of group intelligence are also
used simultaneously with deterministic algorithms —
sequential quadratic programming, Levenberg-Marquardt
algorithms and many others.

Currently, it seems that various types of heuristic
algorithms based on PSO are most widely used.

Consider calculated nonlinear minimax vector
optimization problem based on PSO. Let’s first look
initial value of sought parameters vector X and external
parametric perturbations vectors 4. for nonlinear minimax
vector optimization problem calculated by PSO.

ars»
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Nonlinear minimax vector optimization problem
required parameters (17) desired parameters vectors X
and uncertainties parameters vectors d. It is necessary to
minimize nonlinear minimax vector optimization problem
(17) by parameters vectors X but maximize the same
nonlinear minimax vector optimization problem by
uncertainty parameters vector d. Therefore, each particle i
of swarm j included both position x;(f), J;(¢) and velocity
v(1), u;(f) components for both required vector X and
vector 0 calculated.

Xt +1) = (1) + vy (e +1); (18)
Syt +1)= () + uy (¢ +1), (19)
where
v (4 1) = w0+ ey 1 (OH (pr = () () o)
- 0csy o 0]
(t+1) wiu ()+Clﬂ’lj( (Plj glj(t |_zy(t)
@)

#
—5g(t)]+02jr2j(f)H<P2j—gzj(t))[zj(f)—%'(f)]

In fact, all varieties of PSO algorithms are
implementations of random search algorithms of first-
order order. In this case, the role of the derivative is
played by the random direction in which the change in the
objective function is greatest. It is well known that first-
order methods are most effective when searching far from
the optimum. As the optimum is approached, the rate of
change of the objective function decreases, and
consequently, the effectiveness of first-order methods
declines. Furthermore, as the extremum is approached,
zigzag movements are possible, with the extremum point
jumping. In a nearly stationary region, second-order
methods are more effective, using both first and second
derivatives to find the extremum.

Let us consider a heuristic algorithm for random
search based on a swarm of particle motion, which
simultaneously uses the velocities and accelerations of
particles — analogs of the first and second derivatives,
calculated on the basis of random search [47]. Let us denote
the initial values of the vectors Xj(¢) and J;(¢), which are
calculated using the PSO. Then the step d;;(#) of further
changing the vector X;() is calculated as the solution of the
problem of minimizing the quadratic objective function.

Minimize

F(X;5(0,05(0) + 1/ 24 (0) H (0l (0) + .

et T (Od g (0).

Also the step djj5(¢) of further changing the vector
0;(t) is calculated as the solution of the problem of
maximizing the quadratic objective function.

Maximize

F(X;(1).0; (t))> +1/2d}5 () Hyjs (Odyj5(1) + ..

+ .]115 (t)dy§(t)

In these both quadratic objective function (22), (23)
the components of Jacobian matrices Jj;(f), J;s(f) and
Hessian matrices H(f), H;s(¢), respectively, along
vectors X(f) and d;(f) calculated from velocities v;(?),
u;(f) and accelerations A4,(¢), A;5(f) of particle i of swarm
J movement from x;(%), d;(¥) positions.

22)

23)

Particles movement accelerations A;(f), A;s(f)
calculated based on velocities v;(?), u;(¢) as

Ays(t+1) =y (e +1)—uy (¢). (25)
Then, to minimize nonlinear minimax vector
optimization problem by Xj(f) and to maximize nonlinear

minimax vector optimization problem by J;(f) step size
optimal values dj;(¢) and dj;s(?) calculated as

Ay () () + vy (1) =0 (26)
Ay () (t)+u;(e)=0. (27)
And then particle motion calculated as
xi(t+1) = x () + (O (0 ; (28)
Syt +1) =8 (t)+ a5 ()i (0) - (29)

In conclusion, we note that to calculate the optimal
values of the motion steps dj;,() and d;5(¢) to minimize the
objective function (22) and maximize the objective
function (23), it is necessary to calculate the inverse
Hessian matrices H;(¢), H;(f), respectively, along
vectors X;(f) and d;(¢). Random search of this matrices
are calculated from velocities vi(¥), u;(¢) and accelerations

Ay (1), A;s(f) of particle i of swarm j movement from x;(%),

0;(f) positions. To improve computational efficiency, a
stochastic analogue of the Levenberg-Marquardt
algorithm is used. The step sizes are calculated as

T (M0 + Adiaglg T (0 ) =
=—Jy i 0F (X (1),0;(0);
UsT (W 5(0)+ Adiag|r s (e

T
=—J;5 (OF (X;(0),8;(0).

In this case, there is no need to calculate the inverse
Hessian matrix and particle motion calculated by (28, 29).

When nonlinear minimax vector optimization
problem global optimum calculated from Pareto sets of
optimal solutions it is necessary binary preference
relations used [31, 32].

Simulation results. As an example, Fig. 2 shows
three-dimensional magnetic field level distribution with
combined shield with of a multi-circuit passive shield when
only one passive shield is operating (@), when only one
active shield is operating (b), and when a combined shield
with a multi-circuit passive shield is operating (c). As can
be seen from Fig. 2,a, when only one multi-loop passive
shield is in operation, the level of induction in the shielding
space is practically independent of the width of the passive
shield. As can be seen from Fig. 2,5, when only one active
shield is in operation, the level of induction in the shielding
space is approximately 2-3 times lower than when only
one multi-circuit passive shield is in operation. Moreover,
the level of induction in the shielding space increases
significantly at the edges of the shielding zone, which is
due to the finite length of the compensation windings of the
active shield. As can be seen from Fig. 2,c, when operating
a combined shield with a multi-contour passive shield, the
level of induction in the shielding space is practically
independent of the width of the passive shield.

W05 1) =
(31)
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Fig. 2. Three-dimensional magnetic field level distribution with
combined shield with multi-circuit passive shield

As a second example, Fig. 3 shows three-dimensional
magnetic field level distribution with combined shield with
solid passive shield when operating a combined shield with

continuous passive shield without (@) and with side plates (b).
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Fig. 3. Three-dimensional magnetic field level distribution
with combined shield with solid passive shield

As follows from the comparison of these distributions
of magnetic field induction, when using side plates from a
continuous passive shield, the level of induction at the edges
of the shielding space decreases compared to a continuous
passive shield without side plates.

Experimental setup of a combined electromagnetic
shielding systems. To conduct comprehensive experimental
studies, an experimental setup of a combined

electromagnetic shield was developed [48].

Figure 4 shows a solid passive shield without side
plates. Figure 5 shows a solid passive shield with side
plates on either side of the shield.

Figure 6 shows a multi-circuit passive shield.

Figure 7 shows the active
shield compensation windings.
This figure also  shows
magnetometers installed in the
shielding space and designed
‘M to provide feedback on the
S resulting  magnetic  field.
Figure 8 shows the power
amplifiers for powering the
_ active shield compensation
windings. Figure 9 shows the

ot Y electronic part of the control
Fig. 6. Multi-circuit passive System for the active shield
shield compensation windings.

1 i

i ;
Fig. 7. Active shield compensation windings
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Fig. 8. Power amplifiers for powering the active shield
compensation windings

Fig. 9. Control system electronic part for active shield
compensation windings

Experimental studies results. Figure 10 shows
experimentally measured three-dimensional magnetic field
level distribution with combined shield with of a multi-
circuit passive shield when only one passive shield is
operating (a), when only one active shield is operating (b),
and when a combined shield with a multi-circuit passive
shield is operating (c¢). As can be seen from Fig. 10,a, when
only one multi-loop passive shield is in operation, the
level of induction in the shielding space is practically
independent of the width of the passive shield. As can be
seen from Fig. 10,b, when only one active shield is in
operation, the level of induction in the shielding space is
approximately 2—3 times lower than when only one multi-
circuit passive shield is in operation. Moreover, the level
of induction in the shielding space increases significantly
at the edges of the shielding zone, which is due to the
finite length of the compensation windings of the active
shield. As can be seen from Fig. 10,c, when operating a
combined shield with a multi-contour passive shield, the
level of induction in the shielding space is practically
independent of the width of the passive shield.

Figure 11 shows experimentally measured three
dimensions magnetic field level distribution with
combined shield with solid passive shield during
operation of a combined shield with a continuous passive
shield without (a) and with side plates (b).

How should these experimental distributed magnetic
field inductions be compared, using side plates of a
continuous passive screen, induction in the central part
and at the edges of the screen, displacement of space
compared to continuous passive light without side plates.

Based on the comparison of the experimentally
measured three dimensions magnetic field level distribution
(Fig. 10, 11) and the results of modeling three-dimensional
magnetic field level distribution (Fig. 2, 3), we can
conclude that experimentally measured induction levels
values of magnetic field distribution coincide with
calculated magnetic field distributions with 20 % accuracy.
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Fig. 10. Experimentally measured three dimensions magnetic

field level distribution with combined shield with multi-circuit
passive shield
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Conclusions.

1. For the first time methodology of multi objective design
of active-passive electromagnetic shielding system, consisting of
active and solid self or multi-circuit passive parts, based on
metaheuristic optimization algorithm developed, which allows
to improve shielding efficiency of initial magnetic field in
residential building edges generated by overhead power lines to
sanitary standards level.

2. A new solution method for active-passive shielding
system design developed based on solution of the geometric
inverse problem of magnetostatics for the resulting magnetic
field generated by the transmission line wires, which made it
possible to calculate the coordinates of the spatial
arrangement of compensation windings of the active
shielding system and a passive shield in the form of a solid
or multi-loop shield, as well as the currents and phases in the
compensation windings, parameters of regulators of the open
and closed controls of the two degrees of freedom active
shielding system and parameters of positions of magnetic
field sensors of the active shielding system.

3. A new solution method for geometric inverse
problem based on minimax vector nonlinear programming
problem is proposed. The geometric forward problem solved
based on Maxwell’s equation solutions for magnetic field
three-dimensional model using the COMSOL Multiphysics
software. The minimax vector nonlinear programming
problem calculated based on the metaeristic optimization
algorithm point from Pareto optimal solutions taking into
account binary preference relations, which allows to reduce
the computation time.

4. Results of theoretical and experimental studies of
different types designed combined active and solid or multi-
circuit passive shielding system efficiency for magnetic field
created by overhead power lines are given. Results of
experimental studies confirmed the correctness of the main
theoretical principles. Experimentally measured induction
levels values of resulting magnetic field distribution coincide
with calculated magnetic field distributions with 20 %
accuracy.

5. Practical recommendations for the reasonable choice
of the coordinates of the spatial arrangement of compensation
windings of the active shielding system and a passive shield in
the form of a solid or multi-loop shield, as well as the currents
and phases in the compensation windings, parameters of
regulators of the open and closed controls of the two degrees
of freedom active shielding system and parameters of
positions of magnetic field sensors of the active shielding
system for magnetic field generated by overhead power lines
in residential building space are given.

6. It is planned to practically realization of developed
methodology for the multi objective design of active-passive
electromagnetic shielding systems of magnetic fields for
residential buildings located near 110 kV overhead power
transmission lines to normalize magnetic field level in real
residential building.
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