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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, consisting 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 software. 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 48, figures 11. 
Key words: overhead power line, magnetic field, combined electromagnetic active and passive shielding system, design 
computer simulation, experimental research. 
 

Проблема. Більшість досліджень по зниженню рівня магнітного поля промислової частоти в житлових будинках, що 
розташовані поблизу повітряних ліній електропередачі, до безпечного рівня, виконані на основі пасивних або активних засобів 
електромагнітного екранування, але відсутня методологія проєктування активно-пасивних систем, які включають активні 
та суцільні або багатоконтурні пасивні екрани. Метою роботи є розробка методології багатоцільового проєктування 
активно-пасивної системи електромагнітного екранування, що складається з активних та суцільних або багатоконтурних 
пасивних частин для підвищення ефективності екранування вихідного магнітного поля на краях житлових будівель, що 
генерується повітряними лініями електропередачі, до рівня санітарних норм. Досягти зазначеної мети пропонується на 
основі методу метаевристичної оптимізації. Методика. Багатоцільове проєктування активно-пасивної системи екранування 
базується на розв’язанні геометричної оберненої задачі магнітостатики для результуючого магнітного поля, що генерується 
проводами лінії електропередачі, компенсаційними обмотками активної системи екранування та пасивним екраном у вигляді 
суцільного або багатоконтурного екрану. Геометрична пряма задача обчислюється на основі розв’язків рівняння Максвелла 
для тривимірної моделі магнітного поля за допомогою програмного забезпечення COMSOL Multiphysics. Розв’язок 
геометричної оберненої задачі магнітостатики формулюється як мінімаксна векторна задача нелінійного програмування. 
Розв’язок мінімаксної векторної задачі нелінійного програмування розраховується на основі метаевристичного алгоритму 
оптимізації, що базується на оптимальних за Парето розв’язках з урахуванням бінарних співвідношень переваги. Результати. 
В процесі багатоцільового проєктування активно-пасивної системи електромагнітного екранування розраховано координати 
просторового розташування суцільного або багатоконтурного пасивного екрану та компенсаційних обмоток системи 
активного екранування, а також струм та фази компенсуючих обмоток системи активного екранування. Новими науковими 
результатами є теоретичні та експериментальні дослідження ефективності синтезованої комбінованої активної та 
суцільної, або багатоконтурної, пасивної електромагнітних екрануючих систем магнітного поля, що створюється 
повітряними лініями електропередачі. Наукова новизна. Вперше розроблено методологію багатоцільового проєктування 
комбінованої активної та суцільної, або багатоконтурної, пасивної системи екранування з урахуванням ефективності 
екранування результуючого магнітного поля на краях житлових будівель для більш ефективного зменшення магнітного поля 
промислової частоти, що створюється повітряними лініями електропередачі. Практична значимість. Надано практичні 
рекомендації щодо обґрунтованого вибору координат просторового розташування компенсаційних обмоток системи 
активного екранування та пасивного екрану у вигляді суцільного, або багатоконтурного, екрану, а також струмів та фаз в 
компенсаційних обмотках, параметрів регуляторів розімкнутого та замкнутого управління системи активного екранування з 
двома ступенями свободи та параметрів положень датчиків магнітного поля системи активного екранування для магнітного 
поля, що генерується повітряними лініями електропередачі в просторі житлової забудови. Показана можливість зниження 
індукції вихідного магнітного поля до рівня санітарних норм. Бібл. 48, рис. 11. 
Ключові слова: повітряна лінія електропередачі, магнітне поле, система комбінованого електромагнітного активного 
та пасивного екранування, проєктування, комп’ютерне моделювання, експериментальні дослідження. 
 

Introduction. Operating high-voltage overhead 
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 

World Health Organization discovered the carcinogenic 
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. 

 
Fig. 1. Residential buildings located 

close to power line 

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

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 

0


 Ε ;                              (1) 

Gauss’s law for magnetism 
0 B ;                                 (2) 

Faraday’s law for electromagnetic induction 

t



B

Ε ;                            (3) 

Ampere’s loop law 

t



E

JB 000  ,                     (4) 

where vector E is electric field strength; vector B is 
magnetic flux density; vector J is current density; ρ 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: 

  
S

ext

l S

SSl ddd JH E ,                  (5) 

where H, E – complex amplitudes of the intensity vectors 
of the magnetic and electric fields, respectively; 
Jext – complex amplitude of the current density vector of 
external sources; γ – specific electrical conductivity; 
l – contour covering the integration surface S. 

Equation (1) can be written in the form: 

  
S S

ext

l

SSjl dddrot
1

0
*

0 JAA* 


,      (6) 

where A* is the vector magnetic potential; μ is the relative 
magnetic permeability; μ0=4πꞏ10–7 H/m is the magnetic 
constant; ω 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 μ 
and specific electrical conductivity γ. For the external 
environment, we can set μ=1, γ=0. The system of current 
sources is described by the frequency ω and the current 
density distribution vector Jext. 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: A* = 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 Xpss 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 Bpss(Xpss, Pi, t) of induction of the three-
dimensional model of magnetic field generated by solid 
electromagnetic shield at the point Pi of the shielding 
space at the moment of time t. 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 
BRa(Qi, Xa, δ, t) as well as of geometric dimensions vector 
values Xp of multi-circuit passive contour shield, 
magnetic flux Φl(Xa, Xp, δ, t) piercing contour l  of multi-
circuit passive shield calculated [26] 

  
S

aRapal Stt d),,(,,, δXBδXXΦ .         (7) 

Current IPl(Xa, Xp, δ, t) in complex form, induced in 
circuit l  of multi-circuit passive shield calculated according 
to Ohm law and in integral form of Faraday law [19]: 

 
),()(/(

/),,,(,,,

plpl

papaPl
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tjt

XLXR

δXXΦδXXI









      (8) 

where Rl(Xp) – active resistance and inductance Ll(Xp) of 
circuit l  of multi-circuit passive shield calculated for 
passive shield geometric dimensions vector values Xp. 

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 Xpcs 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 Bpcs(Xpcs, Pi, t) of induction of the three-
dimensional model of magnetic field generated by multi-
circuit electromagnetic shield at the point Pi of the 
shielding space at the moment of time t. 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(t) flows 
through each infinitely thin segment of the conductor with 
a dl length. According to the Biot-Savart law, the current 
i(t) flowing through the segment dl generates a magnetic 
field with induction: 

     RlB  d
4

i
d

3
0

R

t
t




.                    (9) 

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

     
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t
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4

i Rl
B




,                  (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 Xaqs 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 Iaqs 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 Baqs(Xaqs, Iaqs, Pi, t) of induction of the 
three-dimensional model of magnetic field generated by 
active quasi-static electromagnetic shield at the point Pi of 
the shielding space at the moment of time t. 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 BR(t) the components of which are 
induction vectors BR(Qi,t) of the resulting magnetic field 
at points Qi of magnetic field sensors installed. We also 
introduce the unit vectors φ of the angular positions of the 
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magnetic field sensors and column vector KМ 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 ys(t) of sensor output voltage will 
take the following form 

)()()( ttt MRs wKBy   ,             (11) 

where the sign  denotes the tensor (Kronecker) product of 
the column vectors; w(t) 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 BR(Qi, t) of the 
resulting magnetic field in sensors installed points Qi on 
the components of unit vectors φ of the angular position 
of the magnetic field sensors taking into account the 
components of column vector KМ of the magnetic field 
sensor gain coefficients. 

Let’s define a vector Xasp of positions of magnetic 
field sensors for active dynamic electromagnetic shield, 
whose components are the vector of spatial coordinates Qi 
and the vector of angular positions φ of the magnetic field 
sensor. Then, for a given vector Xasp, 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 Iw(t) in the compensation 
windings of the active shielding system using a dynamic 
system with two degrees of freedom based on the output 
voltages ys(t) of the magnetic field sensors. 

Let us introduce the vector Xars, the components of 
which are the parameters of the open and closed 
controllers R(Xars), with the help of which control with 
two degrees of freedom is implemented. Then, based on 
the vectors ys(t) 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 Iw(t) of 
instantaneous values of the currents in the cleanliness 
windings can be calculated. 

     tt sarsw yXRI 1 .                  (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 Xipl 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 Xipl of amplitudes Ai and phases φi of currents in 
power transmission lines wires. 

Currents in transmission lines exhibit daily, weekly, 
seasonal, and annual variations. Let’s define the 
uncertainty vector δ of the initial magnetic field generated 
by the transmission line. Then, the vector Bipl(δ, Pi, t) of 
the instantaneous value at time t of the resulting magnetic 
space point Pi 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 Xpss, a multi-circuit 
passive electromagnetic shield Xpcs and geometric Xaqs 
and currents Iaqs 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 Bpss(Xpss, Pi, t) generated by solid passive 
electromagnetic shield vectors Bpcs(Xpcs, Pi, t) generated 
by multi-circuit passive electromagnetic shield vectors 
Baqs(Xaqs, Iaqs, Pi, t) generated by compensation windings 
of an active shielding system at the moment of time t in 
space point Pi 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 Xpss, a multi-circuit passive 
electromagnetic shield Xpcs and geometric Xaqs and 
currents Iaqs parameters of compensation windings of an 
active shielding system in a quasi-stationary setting 

 aqsaqspcspss IXXXX ,,, .               (13) 

Then the instantaneous value of the vector BR(X, δ, 
Pi, t) of the resulting magnetic field induction is 
calculated as the following sum 

     
   .,,,,,

,,,,,,,

tPtP

tPtPtP

iaqsaqsaqsipcspcs

ipsspssiipliR

IXBXB

XBδBδXB




   (14) 

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 Xasp of the sought 
parameters of the spatial and angular positions of the 
magnetic field sensors, the output voltages ys(t) 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(Qi, t) of resulting magnetic 
field at the installation points Qi 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 ys(t) of the initial 
magnetic field sensors, the calculated values of the initial 
magnetic field Bipl(Qi, t) at the installation points Qi 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 Xars of the 
parameters of the active shielding system regulators, the 
vector Iw(t) of instantaneous values of the currents in the 
compensation windings of the active shielding system are 
calculated based on the calculated output voltages ys(t) of 
the magnetic field sensors. Then, for the values of currents 
Iw(t) in the compensation windings of the active dynamic 
shielding system calculated in this way and for the given 
values of the vector Xaqs of the sought geometric 
parameters of compensation windings of an active 
shielding system, the value of instantaneous value of 
induction vector Bads(Xaqs, Xasp, Xars, Pi, t) is calculated. 

Then three-dimensional numerical modeling allows 
us to calculate based on the Biot-Savart law (10) 
instantaneous value of a vector Bads(Xaqs, Xasp, Xars, Pi, t) 
of induction of the three-dimensional model of magnetic 
field generated by active dynamic electromagnetic 
shielding system at the point Pi of the shielding space at 
the moment of time t. 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 Xpss, a multi-circuit passive 
electromagnetic shield Xpcs, geometric parameters Xaqs of 
compensation windings of an active shielding system, 
positions Xasp of magnetic field sensors for active 
dynamic electromagnetic shield and regulator parameters 
Xars of active dynamic electromagnetic shielding system 

 arsaspaqspcspss XXXXXX ,,,, .         (15) 

Then the instantaneous value of the vector BR(X, δ, 
Pi, t) of the resulting magnetic field induction is 
calculated as the following sum 

     
   .,,,,,,

,,,,,,,

tPtP

tPtPtP

iarsaspaqsaqsipcspcs

ipsspssiipliR

XXXBXB

XBδBδXB




  (16) 

The requirements for the resulting magnetic field 
level apply not to the instantaneous value BR(X, δ, Pi, t) of 
the magnetic field induction vector, but to its effective 
value. Therefore, based on the instantaneous value BR(X, 
δ, Pi, t) of magnetic field induction vector we calculated 
effective value BR(X, δ, Pi) of resulting magnetic field 
induction in shielding space point Pi. A safe magnetic 
field level for habitation is usually regulated throughout 
the entire shielding space, so we introduce a vector BR(X, 
δ) of effective magnetic field values. Its components are 
the effective magnetic field values BR(X, δ, Pi) at 
individual points Pi of the shielding space, covering the 
entire shielding space 

       TnRRRR PPP ,,,...,,,,,, 21 δXBδXBδXBδXB  . (17) 

Then the problem of designing a combined shield is 
reduced to solving a nonlinear minimax vector 
optimization problem BR(X, δ). In the process of this 
problem solving it is necessary to minimize BR(X, δ)) (14) 
or (16) by the vector X (9) or (15) of sought parameters, 
but to maximize this same BR(X, δ) by the vector δ 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 δ. for nonlinear minimax 
vector optimization problem calculated by PSO. 
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Nonlinear minimax vector optimization problem 
required parameters (17) desired parameters vectors X 
and uncertainties parameters vectors δ. 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 δ. Therefore, each particle i 
of swarm j included both position xij(t), δij(t) and velocity 
vij(t), uij(t) components for both required vector X and 
vector δ calculated. 

     11  tvtxtx ijijij ;                 

     11  tutt ijijij  ,                

where 
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


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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 Xij(t) and δij(t), which are 
calculated using the PSO. Then the step dijx(t) of further 
changing the vector Xij(t) is calculated as the solution of the 
problem of minimizing the quadratic objective function. 

Minimize 

).()(

)()()(2/1))(),((
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T
ijxijij

d
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


  

Also the step dijδ(t) of further changing the vector 
δij(t) is calculated as the solution of the problem of 
maximizing the quadratic objective function. 

Maximize  

).()(

)()()(2/1))(),((
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ttttt
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ijij
T
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
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dHdδXF


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


   

In these both quadratic objective function (22), (23) 
the components of Jacobian matrices Jijx(t), Jijδ(t) and 
Hessian matrices Hijx(t), Hijδ(t), respectively, along 
vectors Xij(t) and δij(t) calculated from velocities vij(t), 
uij(t) and accelerations Aijx(t), Aijδ(t) of particle i of swarm 
j movement from xij(t), δij(t) positions. 

Particles movement accelerations Aijx(t), Aijδ(t) 
calculated based on velocities vij(t), uij(t) as 

     tvtvtA ijijijx  11 ;                     

     tututA ijijij  11 .                   

Then, to minimize nonlinear minimax vector 
optimization problem by Xij(t) and to maximize nonlinear 
minimax vector optimization problem by δij(t) step size 
optimal values dijx(t) and dijδ(t) calculated as 

      0 tvtdtA ijijxijx ;                      

      0 tutdtA ijijij  .                     

And then particle motion calculated as 
      )(1 tdttxtx ijxijxijij  ;                 

      )(1 tdttt ijijijij   .              

In conclusion, we note that to calculate the optimal 
values of the motion steps dijx(t) and dijδ(t) to minimize the 
objective function (22) and maximize the objective 
function (23), it is necessary to calculate the inverse 
Hessian matrices Hijx(t), Hijδ(t), respectively, along 
vectors Xij(t) and δij(t). Random search of this matrices 
are calculated from velocities vij(t), uij(t) and accelerations 
Aijx(t), Aijδ(t) of particle i of swarm j movement from xij(t), 
δij(t) positions. To improve computational efficiency, a 
stochastic analogue of the Levenberg-Marquardt 
algorithm is used. The step sizes are calculated as 
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   (31) 

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 (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. 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,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. 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. 
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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 (a) 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. 
 
 

 
Fig. 4. Solid passive shield without side plates 

 
 

 
Fig. 5. Solid passive shield with side plates on either side of the shield 

 
 

Fig. 6. Multi-circuit passive 
shield 

Figure 7 shows the active 
shield compensation windings. 
This figure also shows 
magnetometers installed in the 
shielding space and designed 
to provide feedback on the 
resulting magnetic field.
Figure 8 shows the power 
amplifiers for powering the 
active shield compensation 
windings. Figure 9 shows the 
electronic part of the control 
system for the active shield 
compensation windings. 

 
 

 
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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Fig. 11. Experimentally measured three dimensions magnetic field 
level distribution with combined shield with solid 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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