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The method for design of electromagnetic hybrid active-passive shielding by overhead power
lines magnetic field

Aim. Development of the method for designing electromagnetic hybrid active-passive shield, consisting from active and multy-circuit
passive parts, which is characterized by increased effectiveness of reducing the industrial frequency magnetic field created by two-
circuit overhead power lines in residential buildings. Methodology. The designing problem of electromagnetic hybrid active-passive
shield including robust system of active shielding and multy-circuit passive shield of initial magnetic field comes down to a solution
of the multy-criteria two-player zero-sum antagonistic game. The game payoff vector calculated based on the finite element
calculations system COMSOL Muliphysics. The game solution calculated based on the particles multyswarm optimization
algorithms. Results. During the design of the electromagnetic hybrid active-passive shield the coordinates of the spatial arrangement
of 11 circuits passive shield and the coordinates of the spatial location of one compensation winding, as well as the current and
phase in this winding of the active shielding system are calculated. The results of theoretical and experimental studies of hybrid
active and multy-circuit passive shield by magnetic field in residential building from two-circuit power transmission line with a
«Barrely type arrangement of wires presented. Oviginality. For the first time the method for designing hybrid active and multy-
circuit passive shield, consisting from active and multy-circuit passive parts, which is characterized by increased effectiveness of
reducing the magnetic field of industrial frequency created by two-circuit overhead power lines in residential buildings is developed.
Practical value. Based on results of calculated study the shielding efficiency of the initial magnetic field what is confirmed by
experimental studies determined that shielding factors whith only multy-circuit passive shield is more 1.2 units, whith only active
shield is more 4 units and with electromagnetic hybrid active-passive shield is more 6.2 units. It is shown the possibility to reduce the
level of magnetic field induction in residential building from two-circuit power transmission line with a «Barrely type arrangement
of wires by means of electromagnetic hybrid active shielding with single compensating winding and multy-circuit passive shielding
with 11 circuit passive shield to 0.5 uT level safe for the population. References 51, figures 17.

Key words: overhead power line, magnetic field, electromagnetic hybrid active-passive shield, computer simulation,
experimental research.

Mema. Po3pobka memody npoekmyeanis eneKmpomacHimHo2o ciopuoH020 akmueHO-NACUBHO20 eKPAHy, KU CKIA0AEMbCA 3 AKMUBHOT
ma 6a2amokoHmypHoOi NACUBHOI uaACMuM, MA XAPAKMEPUIYEMbCSA NIOBUWEHOIO  eQEeKMUBHICIIO 3HUIICEHHS MACHIMHO20 NOJs
NPOMUCTOB0] HaCmOmu, WO 2eHepYEMbC OBONAHYIO208UMY  NOGIMPAHUMU  JIHISMU  eNeKMpPonepeoayi 6 JHCUmosux OyOUHKAX.
Memooonozia. 3adaua npoekmyeanHs eneKmpOMASHIMHO20 2IOPUOHO20 AKMUBHO-NACUBHO20 €KPAHy, AKA 6KIOYAE PO3POOKY
pobacmHmoi cucmemu aKkmugHo20 eKpany8ants ma 6a2amoKoOHmMypHO20 NACUBHO20 eKPaHy 8UXIOH020 MASHIMHO20 NOJA, 3600UMbCS 00
supiuienHa 6azamoxpumepiansHoi anmazoHicmu4Hoi 2pu 080X 2pasyie 3 HYIbo8oI0 cymolo. Bexmop euspawiie epu pospaxogyemocs 3
BUKOPUCTNAHHAM  KiHYego-elemenmHoi cucmemu obduuciens COMSOL Muliphysics. Piwenns epu po3paxogyemuvcs HA  OCHO8I
anzopummie onmumizayii mynemupoie uyacmunox. Pesynemamu. I[Ipu npoexmyeanmi enexmpomacHimmozo 2iOpuoHo20 aKmueHo-
nacusHo2o expamy Oyau po3paxoeani KOOpOUHAmu NPOCMOPO8O2O posmauiyéanns 11 xowmypie nacuenoeo expany i KOOpouHamu
NnpoOCmMopo8o2o po3mauty8anis O0O0HIEl Komnencayiinoi obmomxu, a makodxc cmpym i ¢gasa 8 yill obmomyi cucmemu aKmugHO20
expanyeanns. Haseoeno pezynvmamu meopemuunux ma eKCnepumMeHmanbHux 00CHiodceHb eleKmpoOMAasHimHo20 2ipuoH020 aKkmueHo-
NACUBHO20 EKPAHY MAZHIMHO20 NOJSL 8 HCUMTIOBOMY OYOUHKY 610 O80NAHYI02080I NiHIL elekmponepeday i3 po3smauty8aHHsIM npoeooie
muny «bouxay. Opuzinansnicme. Bnepuie po3pobieHo memoo npoekmyeaHHs eieKmpoMAazHimHo20 2iOpuoOH020 AKMUBHO-NACUBHO20
eKpamy, AKull CKIa0aemvCs 3 aKmusHoi ma 6a2amoKoHmypHoi NACUSHOT YACMUH, Ma XAPAKMEPU3YEMbCA NIOBUWEHOIO eHeKMUBHICIIO
SHUIICEHHSA PIBHA MACHIMHO20 NOJISL NPOMUCTIOB0] YACMOMU, SIKe 2eHePYEMbCsl OB0NAHYIO208UMU NOGIMPAHUMY TIIHIAMU eneKmponepeoai
6 orcumnosux Oyounxax. Ilpaxmuuna wuinnicme. 3a pesynomamamu po3paAxyHKOBUX O0CTIONCEHb eDeKmUBHOCMI eKpaHy8aHHs
BUXIOHO20 MACHIMHO20 NOJIA, AKI NIOMEEPONCEH] eKCNEPUMEHMANHUMU OOCTIONCEHHAMU, 6CIAHOBIEHO, WO Koepiyienm eKpanyeaHHs
MinbKy OA2AMOKOHMYPHUM NACUBHUM eKPAHOM CMAHo8umy 6inbute 1,2 00uHuysb, a minbku 3 AKMUGHUM eKPAHOM CIMAHOBUMb Ollblie
4 oounuys, i npu BUKOPUCTNAHHI ENeKMPOMACHIMHO20 2IOPUOHO20 AKMUBHO-NACUBHO2O eKpaHy CMaHosums Oinvuie 6,2 00uHuyi.
Toxazana moxcausicmv 3HUNCEHHS PIGHSL IHOYKYIT MACHIMHO20 NOJISL 8 HCUMTIOBOMY OYOUHKY 6i0 080IAHYIO20601 NIHIT ellekmponepedayi
3 PO3MAULY8AHHAM NPOBOOIE MUNY «OOUKA» 30 OONOMO20I0 2IOPUOHO20 AKMUBHO20 eKPAHY 3 OOHIEI0 KOMNEHCYIOUOol0 0OMOMKOI md
bazamokoHmypHo2o nacueno2o expany 3 11 xoumypamu 0o besneunoeo ons nacenenns pisns ¢ 0,5 uT. bion. 51, puc. 17.

Kniouosi cnosa: mopiTpsiHa JiHiA ejexkTponepenadi, MardiTHe moJie, eJeKTPOMATHITHMIl riOpuAHMN AKTHMBHO-NACHBHUM
eKpaH, KOMII'I0TepHe MO/IeJTI0BAHHS, eKCIIePMMEHTAIbHI J0CTiI:KeHHs.

Introduction. Overhead power lines are the main
source of power frequency magnetic field (MF). The
effect of prolonged exposure of people to a power
frequency MF increase in the likelihood of cancer [1-3].
The standards for the power frequency MF being
tightened for long-term safe residence of the population in
residential buildings located near power lines. Decrease in
the initial MF by a factor of 2—4 is required [4—7]. Active
and passive shielding of the initial MF usually used for
reduction of power frequency MF [4-10].

Active shielding requires the use of external power
supplies to supply currents appropriate magnitude and

phase to the reduction system opposite to the original MF
to provide the desired reduction effect, and as such, is
capable of providing a high reduction in the original MF
[11-15]. However, this requires a complex suppression
system; since in addition to the MF sensors, it is necessary
to install expensive equipment, such as power supplies, and
a monitoring system to continuously adjust the supplied
current to achieve the required suppression. All this makes
this solution much more expensive than passive methods.
With passive shielding, MF weakening is achieved,
since the mitigation system acts in response to the initial
MF generated by the source according to Faraday’s law
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and induces currents that generate a new MF that
compensates for the original one [16-20]. To increase the
shielding efficiency of the initial MF, multy-circuit passive
shields are often used [21, 22]. Passive shield have a
significantly lower shielding factor, so passive screens are
often used as a complement to active screens [23-25].

The aim of the work is to develop the method for
designing electromagnetic hybrid active-passive shield,
consisting from active and multy-circuit passive parts, to
improve the effectiveness of reduction of industrial
frequency MF created by two-circuit overhead power
lines in residential buildings.

Problem statement. First, consider the design of the
mathematical model of the initial MF generated by the
power transmission line. We set the currents amplitude A4;
and phases ¢@; of power frequency w of wires currents
power lines. Then we set wires currents in power lines in
a complex form

1;(t)= A;exp jlt + ;). (1)

To assess the impact of the MF of power lines on the
environment, most calculations were performed based on
the Biot-Savart-Laplace law [6] for elementary current

dB,(0:.1)= ”f;};()(dl R)). @

where the vector R, is directed from an elementary
segment d/; with a total current i(f) to the observation
point O;, uy is the vacuum magnetic permeability.

Then the total MF vector is equal to:

puptoiy () 1 (dly x Ry)
B(0.0)= { FEa (3)

This formula is widely used to calculate the MF of
air power transmission lines instead of Maxwell’s system
of equations.

Let us introduce the vector ¢ of the uncertainty
parameters of the problem of designing a combined
shield, the components of which are inaccurate
knowledge of the currents and phases in the wires of the
power transmission line, as well as other parameters of
the electromagnetic hybrid active-passive shield, which,
firstly, are initially known inaccurately and, secondly,
may change during the operation of the system [26-28].

Then the vector B;(Q,,0,f) of the initial MF generated
by all power lines wires Br{Q;0,f) in point O; of the
shielding space calculated based Biot-Savart’s law [6]

B1(0.0.1)= 3 B)(0;..1). @)
Now, consider the design of the mathematical model of
the MF generated by compensating windings of active
shielding. We set the vector X, of initial geometric values of
the dimensions of the compensating windings of active
shielding, as well as the currents amplitude A4,; and phases ¢,;
in the compensating windings [29-33]. We set the currents
in the compensating windings wires in a complex form
1,i(1)= Agiexp j(@r + p,). &)
Then the vector B,(Q,,X,,t) of the MF generated by
all compensating windings wires of active shielding
B,(0:,X,,t) in point Q; of the shielding space can also
calculated based Biot- Savart’s law [6]

B,(01.X,.1)= ) B,(01. X, (6)

Then the vector Bg,(Q,,X,,0,t) of the resulting MF
generated by power lines and only windings of the active
shielding system calculated as sum

Bra(01.X4:0,1)= B1(0,.6.0)+ B,(01. X,.1)  (7)

Now, consider the design of the mathematical model of
the MF generated by multy-circuit passive shield [35-37].
Let us set the vector X, of initial values of the geometric
dimensions, thickness and material of the multy-circuit
passive loop shield. Then, for the given vector
Br,(0:,X,,0,f) of the resulting MF generated by power
lines and only windings of the active shielding system and
for values of the vector X, of geometric dimensions of the
passive loop shield, the magnetic flux @(X,,X,,0,1)
calculated

@(X,,X,,8.0)= [ By(X,, 0.5 . )
S

The current Ip(X,,X,,0,7) in a complex form induced
in the passive loop shield determined from Ohm law in
integral form and Faraday law [6]:

Ip(X0r X, 0,1)= = joD(X 1 X ,0,0)] ..
/(Rl(Xp) + jCDLl(XP)

The active resistance R/(X,) and the self-inductance
coefficient L(X,) of the passive loop shield.

Then for the calculated currents Ip(X,,X},0,f) in the
passive loop screen [36-38] and their geometric
dimensions given by the vector X, on the basis of Biot-
Savart’s law, the vector Bg(0,,X,,0,f) of the resulting MF
calculated as sum the vector B;(Q,0,f) generated by
overhead power transmission lines, the vector B,(0;,X,.)
generated by all compensating windings wires of active
shielding and the vector B,(0;,X,,X,,0,t) generated by all
loops of the passive shield at the point Q,, similarly (7)

BR(Qth)Xpyést):BL(Q[,a,t)+... (10)
"+Ba(Qi’Xa7t)+Bp(Qi7X Xpyaat)'

Solution method. We introduce the vector X of the
desired parameters of the problem of designing a
combined shield, the components of which are the vector
X, values of the geometric dimensions of the
compensation windings, as well as the currents A4,,; and
phases ¢,,; in the compensation windings, as well as the
vector X, of geometric dimensions, thickness and material
of the passive loop shield [39, 40].

Then for the given initial values of the vector X of
the desired parameters and the vector ¢ of the uncertainty
parameters of the combined screen design problem, the
value Bgp(X,0,P;) effective value of induction of the
resulting MF Bg(0:,X,,X,,0,f) at the point Q; of the
shielding space calculated based on the finite element
calculations system COMSOL Multiphysics. Then the
problem of designing a passive screen is reduced to
computing the solution of the vector game

Br(X,0)=(Bg(X,,P)). an

The components of the game payoff vector Br(X,0,P;)
are the effective values of the induction of the resulting MF
at all considered points Q; in the shielding space.

In this vector game it is necessary to find the
minimum of the game payoff vector (11) by the vector X,
but the maximum of the same game payoff vector by the
vector d.

(€]
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At the same time, naturally, it is necessary to take
into account constraints [41] on the vector X desired
parameters of a combined shield in the form of vector
inequality and, possibly, vector equality

G(X)< Gy H(X)=0. (12)

Note that the components of the vector game (11)
and vector constraints (12) are the nonlinear functions of
the vector of the required parameters [42—45] and
calculated based on the calculations system COMSOL
Multiphysics.

Solution algorithm. Let us consider an algorithm
for solving on a computer the formulated multyobjective
optimization problem (11) with constraints (12). To find a
unique solution to the problem of multycriteria
optimization from the Pareto set of optimal solutions, in
addition to the vector optimization criterion (11) and
constraints (12), it is also necessary to have information
about the binary preference relations of local solutions
relative to each other [46—48].

To find such a single optimal solution, it is first
necessary to develop an algorithm for constructing the
entire area of Pareto-optimal solutions. Then, based on the
analysis of the entire set of possible optimal solutions to the
original problem of multycriteria optimization, narrow the
range of solutions under consideration and, consequently,
reduce the complexity of the decision maker in choosing
the only option for the optimal solution.

A feature of the considered problem of finding a
local minimum at one point in the space under
consideration is multy-extremality, so that the considered
area of possible solutions contains local minima and
maxima. This is due to the fact that when minimizing the
level of induction of the resulting MF in one current of
the search space, the induction at another point increases
due to undercompensation or overcompensation of the
initial MF. Therefore, to solve the considered
multycriteria problem, it is advisable to use the algorithms
of stochastic multy-agent optimization [48—50].

Consider an algorithm for finding a set of Pareto-
optimal  solutions to multyobjective non-linear
programming problems based on stochastic multy-agent
optimization — PSO algorithms based on the idea of a
collective mind of a swarm of particles, based on

algorithms for finding the globally optimal value yj- (t) —

gbest PSO found by all particles swarm, and the locally
optimal value y;(f) — lbest PSO found by one swarm
particle [48-50].

At present, the use of stochastic multy-agent
optimization methods for solving multycriteria
optimization problems causes certain difficulties, but this
direction continues to be intensively developed using
various heuristic techniques. Consider a stochastic multy-
agent optimization algorithm for solving the original
multycriteria problem of nonlinear programming (11)
with constraints (12) based on a set of swarms j of
particles 7, the number of which is equal to the number of
components of the vector optimization criterion (11).

In the simplest algorithm for calculating the optimal
position x;(¢) and speed v;(¥) of the movement of particle i
swarm j, the movement speeds v;(f)change according to
linear laws. However, recently, to increase the speed of

finding a global solution, special non-linear algorithms of
stochastic multy-agent optimization have become
widespread. One of such algorithms is an algorithm in
which the Heaviside function H is used to switch the
motion of a particle, respectively, from the local y;(#) to

the global y; (t) optimum. Parameters of switching the

cognitive py; and social p,; components of the speed of
particle movement in accordance with the local and global
optimum; random numbers ¢(f) and &,(¢) determine the
parameters of switching the movement of the particle
according to the local and global optimum. If py; < &;,(¢)
and p,; < &(%), then the speed of movement of particle i
swarm j does not change at the step 7 and the particle
moves in the same direction as in the previous
optimization step. In this algorithm, the motion of particle
i swarm j described by the following expressions

Vij (t + l) =W,V ﬁ)+ il (t)H(plj & (t))x .

s X [y,-j(t)—x,-j(t) +czjr2j(t)H(p2j —szj(t))x ... (13)

&
X[y () =)

where ¢, ¢, are positive constants that determine the
weights of the cognitive and social components of the
speed of particle movement; r(f), r»(f) are random
numbers from the range [0, 1], which determine the
stochastic component of the particle’s speed.

With the multycriteria optimization of the vector
criterion (11), with the help of separate swarms, the
optimization problems of scalar criteria, which are
components, are solved. In order to find a global solution
to the original multycriteria problem.

In the process of searching for a global solution to the
original multycriteria problem (11), individual swarms
exchange information with each other in the course of
searching for optimal solutions to local criteria. Information
about the global optimum obtained by the particles of
another swarm is used to calculate the speed of movement
of the particles of the other swarm, which makes it possible
to calculate all potential Pareto-optimal solutions.

At each step ¢ of the movement of particle i swarm j,
the advantages functions y(¥) of local solutions obtained by

all swarms yj are used. The solution X j (t) obtained
during the optimization of the objective function B(X(?),P))
using the swarm j is better than the solution X Z (t)
obtained during the optimization of the objective function
B(X(¢),P,) using the swarm k, i.e. X j (t)>— X Z (t), if the
condition is fulfilled

max B(P, , X; (t))< max B(P, , XZ (t))

i=l,m i=l,m

(15)

The global solution X Z (t) obtained by the swarm k

used as the global optimal solution X j (¢) of the swarm j,

which is better in relation to the global solution X Z (t) of

the swarm £ on the basis of the preference relationship (15).

The main idea of successively narrowing of Pareto-
optimal solutions area of trade-offs — all that cannot be
chosen according to the available information about the
preference are sequentially removed from the initial set of
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possible solutions based on information about the relative
importance of local solutions. The deletion is carried out
until a globally optimal solution is obtained [51].

Simulation results. Let us consider the results of the
design of electromagnetic hybrid active-passive shielding
by overhead power lines MF generated by a double-circuit
power line in a residential building. During the design of
the electromagnetic hybrid active-passive shield, the
coordinates of the spatial arrangement of 11 circuits passive
screens were calculated. In addition, the coordinates of the
spatial location of one compensation winding, as well as
the current and phase in this winding of the active shielding
system, were calculated.

Note that, unlike the works [21, 22], in this work the
coordinates of the spatial arrangement of the contours of
the multyloop passive screen calculated in the course of
solving the multy-criteria two-player antagonistic
game (10) with restrictions (11) and electromagnetic hybrid
active-passive shield used to screen the initial MF.

The layout of the power transmission line, the
winding of the active screen and 11 circuits passive
screen shown in Fig. 1.

-1 -0.5 O‘ D.S 1', 15 2 x,lm
Fig. 1. The layout of the power transmission line, the winding of
the active screen and 11 circuits of the passive screen

Figure 2 shows the distribution of the calculated
initial MF induction. Initial MF induction changes from
2.2 uT to 1.4 uT. MF induction level in the central part of
the shielding space is 1.75 uT.
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Fig. 2. The distribution of the calculated initial MF induction

Figure 3 shows the distribution of the calculated
resulting MF induction with only multy-circuit passive shield.
The coordinates of the spatial arrangement of 11 multy-circuit
passive screens were calculated during the design of the
hybrid multy-circuits passive and active shielding.

The resulting MF induction with only multy-circuit
passive screen changes from 2 uT to 1.35 pT. The MF level
in the central part of the shielding space is 1.35 pT.

The calculated shielding factor maximum value of
resulting MF whith only multy-circuit passive shield in
the central part of the screening space is more 1.29 units.

;//////
?\ / /)
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1 &‘51 1 1 93‘581 202253 2,1[]524 2 IQ‘EQ 2 27‘967 2, 36‘539 xm
Fig. 3. The distribution of the calculated resulting MF
induction with only multy-circuit passive shield
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Figure 4 shows the distribution of the calculated
resulting MF induction with only active shield.

0;
0%5
01111 -

1.8511 1.93681

S

202283 2.10824 2.19398 2.27967 2.36539 xm

Fig. 4. The distribution of the calculated resulting MF
induction with only active shield

The resulting MF induction with only active screen
changes from 0.7 puT to 0.35 puT. The MF level in the
central part of the shielding space is 0.35 pT.

The calculated shielding factor maximum value of
resulting MF with only active shield in the central part of
the screening space is more then 5 units.
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Figure 5 shows the distribution of the calculated
resulting MF induction with electromagnetic hybrid
active-passive shield.
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Fig. 5. The distribution of the calculated resulting MF
induction with electromagnetic hybrid active-passive shield
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The resulting MF induction with electromagnetic hybrid
active-passive shield changes from 0.7 uT to 0.19 uT. The
MF level in the central part of the shielding space is 0.19 pT.

The calculated shielding factor maximum value of
resulting MF with only active shield in the central part of
the screening space is more then 9.21 units.

Thus, the use of electromagnetic hybrid active-
passive shield makes it possible to increase the screening
factor of the active screen by 1.84 times.

Note that the product of shielding factors with only a
multy-circuit passive screen of 1.29 and a shielding factor
with only an active screen of 5 gives a value of 6.45,
while the shielding factor with a electromagnetic hybrid
active-passive shield is 9.21. Thus, the simultaneous use
of active and multy-circuit passive screens leads to an
increase in the screening factor by 1.42 times.

In addition, the use of electromagnetic hybrid active-
passive shield makes it possible to reduce the level of the
initial MF in a much larger area of the screening space
compared to using only the active screen.

Results of experimental studies. Let us now
consider the results of experimental studies of the
electromagnetic hybrid active-passive shield.

Figure 6 shows the compensation winding and
multy-circuit passive shield of the experimental setup.

Figure 7 shows multy-circuit passive shield and the
control system of the experimental setup of multy-circuit
passive and active shielding.

Figure 8 shows the experimental distribution of the
initial and resulting MF induction with only multy-circuit
passive shield.

Figure 9 shows the experimental shielding factor of
resulting MF whith only multy-circuit passive shield.

The experimental shielding factor maximum value
of resulting MF whith only multy-circuit passive shield is
more then 1.2 units.

Fig. 6. The compensation winding and multy-circuit passive
shield of the experimental setup

Fig. 7. The multy—ciréuit passive shield and the control syste of the
experimental setup of multy-circuit passive and active shielding
13
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Fig. 8. The experimental distribution of the initial and resulting
MF induction with only multy-circuit passive shield
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Fig. 9. The experimental shielding factor of resulting MF
whith only multy-circuit passive shield

Figure 10 shows the experimental spatio-temporal
characteristic of the resulting MF with only multy-circuit
passive shield.
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CH1 100mY  CH2 100mV A Mode
Fig. 10. The experimental spatio-temporal characteristic of the
resulting MF with only multy-circuit passive shield

The experimental spatio-temporal characteristic of the
resulting MF with only multy-circuit passive shield is about
1.2 times less than the spatio-temporal characteristic of the
initial MF.

Figure 11 shows the experimental distribution of the
initial and resulting MF induction with only active shield.

Figure 12 shows the experimental shielding factor of
resulting MF whith only active shield.

The experimental shielding factor maximum value of
resulting MF whith only active shield is more then 5 units.

|B|,uT
1.8 1

0 —— . ‘ . — 02
19 2 21 22 23 54 o ZM 9
X, m
Fig. 11. The experimental distribution of the initial and resulting

MF induction with only active shield

2.4 0

Fig. 12. The experimental shielding factor of resulting MF whith
only active shield

Figure 13 shows the experimentally measured spatio-
temporal characteristic of the MF generated by only one
compensating winding of the active shielding system.

M

CH1 100mY  CH2 100mY Y Mode
Fig. 13 Experimentally measured spatio-temporal characteristic
of the MF generated by only one compensating winding
of the active shielding system

This characteristic is practically a straight line
parallel to the major axis of the ellipse of the
experimentally measured spatiotemporal characteristic of
the initial MF. Note that with the help of such an active
screening system, the large axis of the spatiotemporal
characteristic of the initial MF compensated, which
determines the high value of the screening factor. In this
case, the experimentally measured spatio-temporal
characteristic of the resulting MF is a small cloud due to
the noise of measurements of the MF components.

Figure 14 shows the experimental distribution of the
initial and resulting MF induction with electromagnetic
hybrid active-passive shield.
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Fig. 14. The experimental distribution of the initial and resulting
MF induction with electromagnetic hybrid active-passive shield

23 0

When using electromagnetic hybrid active-passive
shield the level of the resulting MF is significantly lower
in the entire shielding space than when using only the
active shield.

Figure 15 shows the experimental shielding factor of
resulting MF with electromagnetic hybrid active-passive
shield.

The maximum value of the experimental shielding
factor of the MF when using electromagnetic hybrid
active-passive shield is more than 4.2 units. The main
advantage of the hybrid multy-circuit passive and active
shield is the significantly lower level of the resulting MF
induction over the entire shielding space by a factor of
two or more compared to the active shield.

Consider one more setting of the active screening
system when using a hybrid screen. Figure 16 shows the
experimental distribution of the initial and resulting MF
induction with electromagnetic hybrid active-passive
shield for another setting of the active shielding system.
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Fig. 15. The experimental shielding factor of resulting MF
with electromagnetic hybrid active-passive shield
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Fig. 16. The experimental distribution of the initial and resulting
MF induction with electromagnetic hybrid active-passive shield

for another setting of the active shielding system

Figure 17 shows the experimental shielding factor of
resulting MF with electromagnetic hybrid active-passive
shield for another setting of the active shielding system.

2.4 0
Fig. 17. The experimental shielding factor of resulting MF
with electromagnetic hybrid active-passive shield
for another setting of the active shielding system

For sush another setting of the active shielding system
the maximum value of the experimental shielding factor of
the MF when using electromagnetic hybrid active-passive
shield is more 6.2 units, wich is more 1.47 times more than
with the previously considered setting of the active
shielding system. However, at the same time, at the edges of
the shielding space, a significantly lower shielding
efficiency is realized — more 1.7 times compared to the
previously considered setting of the active shielding system.

Conclusions.

1.For the first time the method for designing
electromagnetic hybrid active-passive shield, consisting from
active and multy-circuit passive parts, which is characterized
by increased -effectiveness of reducing the industrial
frequency magnetic field created by two-circuit overhead
power lines in residential buildings was developed.

2. The problem of design of electromagnetic hybrid
active-passive shield solved based on the multy-criteria
two-player antagonistic game. The game payoff vector
calculated based on the calculations system COMSOL
Muliphysics. The solution of this game calculated based
on algorithms of multy-swarm multy-agent optimization
from sat of Pareto-optimal solutions based on binary
preferences relationship.

3. The main advantage of using a electromagnetic
hybrid active-passive shield, including an active and a
multy-circuit passive part, is the possibility of reducing
the level of the initial magnetic field induction in a
significantly larger part of the shielding space compared
to using only the active shield.

4. During the design of electromagnetic hybrid active-
passive shield, the coordinates of the spatial arrangement
of 11 circuit passive screens and the coordinates of the
spatial location of one compensation winding, as well as
the current and phase in this winding of the active
shielding system were calculated.

5. The results of the performed theoretical studies what
is confirmed byexperimental studies have shown that the
shielding factor for only multy-circuit passive shield
consisting of 11 aluminum contours with a diameter of
8 mm is about 1.2 units, for only active shield made in the
form of a winding consisting of 20 turns is about 4 units
and for electromagnetic hybrid active-passive shield, the
shielding factor is more 6.2 units, what is confirmed by
theoretical and experimental studies.

6. The practical use of the developed electromagnetic
hybrid active-passive shield will allow to reduce the level
of the magnetic field in a residential building from a
double-circuit power transmission line with a «barrel»
type arrangement of wires to a safe level for the
population of 0.5 uT.
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