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Optimization of spatial arrangement of magnetic field sensors of closed loop system of
overhead power lines magnetic field active silencing

Aim. Development of a method for optimization of spatial arrangement and angular position of magnetic field sensors of a closed system to
ensure maximum efficiency of active silencing canceling of the magnetic field generated by overhead power lines. Methodology. Spatial
arrangement and angular position of magnetic field sensors of closed loop system of overhead power lines magnetic field active silencing
determined based on binary preference relations of local objective for multi-objective minimax optimization problem, in whith the vector
objective function calculated based on Biot-Savart law. The solution of this vector minimax optimization problem calculated based on
nonlinear Archimedes algorithm of multi-swarm multi-agent optimization. Results. Results of simulation and experimental research of
optimal spatial arrangement and angular position of magnetic field sensors of a closed system to ensure maximum efficiency of active
silencing of the magnetic field generated by overhead power lines with a barrel-type arrangement of wires. Originality. The method for
optimization of spatial arrangement and angular position of magnetic field sensors of a closed system to ensure maximum efficiency of active
shielding of the magnetic field generated by overhead power lines is developed. Practical value. An important practical problem
optimization of spatial arrangement and angular position of magnetic field sensors of a closed system to ensure maximum efficiency of active
silencing of the magnetic field generated by overhead power lines has been solved. References 53, figures 10.

Key words: overhead power transmission line, magnetic field, system of active silencing, spatial arrangement and angular
position of magnetic field sensors, multi-objective parametric optimization, computer simulation, experimental research.

Mema. Po3pobka memody onmumizayii npocmoposoco po3mauiyéanHs ma Kymoeo2o HON0NCEHHS OAMYUKIE MASHIMHO20 OIS 3AMKHYMOT
cucmemu 071 3abe3neuenis MaKCUMAIbHOI eqheKMUBHOCMI aKMUBHO20 eKPAHYSAHHS MACHIMHO20 NOJA, SIKe CIEOPIOBAEMbCS NOGIMPSHUMU
niniamu enexmponepedadi. Memooonozis. Ilpocmopose posmauiyeanis ma Kymoge NoIOJICeHHs OamUUKi@ MazHimHo2o noss O 3aMKHYMoi
cucmemu aKmusHO20 NOOABNEHHS. MAZHIMHO20 NOJIA, SIKe CMBOPIOBACHIbC NOGIMPAHUMY TIHIAMU eleKmponepeoati, 6usHaueHe Ha OCHOGI
OIHapHUX BIOHOWEHD Nepeazil TOKATbHOT Yini 01 6a2amoKpumepitiHoi 3a0aui MIHIMAKCHOT onmumizayii, 8 AKill 6eKMOPHA Yib08a (YHKYis
pospaxosana Ha ocHosi sakony bio-Casapa. Piwenns yici 3a0aui 6ekmopHoi MiHIMAKCUMATLHOI ONMUMI3AYIi 00UUCTIOEMbCS. HA OCHOBI
HeniniliHo2o  aneopummy Apximeoa mynemu-pounoi 6acamoazenmuoi  onmumizayii. Pezynemamu. Pesynomamu moolenioéanHa ma
EKCNePUMEHMANLHUX OOCTIONCEHb ONMUMATBHO20 HPOCHOPOBO2O POSMAULYBAHHS MA KYIMOBO2O NONOMHCEHHS OAMUUKIE MASHIMHO20 NOJIA
3aMKHYmMOI cucmemu Oni 3a0e3nevents MaKCUMANbHOL eqheKmusHoOCmi aKmugHO20 eKpany8anHs MASHIMHO20 NOJA, sKe CHMBOPIOEMbCSL
nosimpsHuUMU JIHIAMU eNeKmponepeoayi 3 60UKONOOIOHUM po3mawyeanHsIM nposodis. Opuzinanshicms. Pospobreno memoo onmumizayii
NPOCMOPOBO20 PO3MAULYBAHHS MA KYMOBO20 NOTONCEHHS OAMUUKIE MASHIMHO20 NOJIA 3AMKHYMOI cucmemu Oisl 3a0e3nedeHHs MakCUMAanbHOT
eghekmusHOCIi aKMUBHO20 eKPaHY8aHHA MASHIMHO20 NOA, sKe CMBOPIOEMbC NOGIMpAHUMYU THIAMU enexmponepedadi. IIpakmuuna
yinnicmy. Bupiweno eadicnugy npakmuuny 3a0aiy npoekmy6arHs ONMuUManbHo20 npoCHopoBO20 POIMAULY8AHHS MA KYIOBO20 NONONHCEHHS
0amuUKi6 MASHIMHO20 NOJAL 3AMKHYMOI cucmemu Onisi 3abe3NneveHHs MakCUMAIbHOT eeKMUSHOCHE AKMUSHO20 eKPAHYBAHHS MACHINHOZO0
N0/, sIKe CIMEOPIOEMbCSL NOGIMPSHUMU JIHISIMU enekmponepedadi. bion. 53, puc. 10.

Knouosi cnosa: nositpsiHa JliHis ejeKTpomepenavi, MarHiTHe moJie, CHCTeMa AKTHBHOI0 €KpPaHYBaHHsS, IPOCTOPOBe
pO3TalIyBaHHSI Ta KYTOBe IOJIO)KEHHSl JATYUKIB MarHiTHOro moJis, 0araTokpuTepiliHa napamMeTpu4YHa ONTHMi3auis,
KOMIT'I0TepHe MOJIeJII0BAHHS, eKCIIePUMEHTAIbHI A0CTiIKeHHS.

Introduction. Electricity has given humanity many
benefits. However, as is often the case, the same
electricity has created certain problems for humanity. One
of such problem is the power frequency magnetic field
generated by overhead power lines (MF). Many of
overhead power lines often pass in the residential areas
and generated a magnetic field, the level of which often
exceeds the safe level for the population with an induction
of 0.5 uT adopted in Europe, that poses a threat to public
health [1-3]. World Health Organization carries out the
ongoing global programs connected with climate change,
ionizing radiation, chemical safety, etc. The small number
of these programs emphasizes the importance of the
issues involved. The effect of the electromagnetic field on
the population is one of such issues, and it is studied
within the framework «The International EMF Project».
Research results confirm the high risk of power frequency
(50-60 Hz) MF for human health. This leads to modern
world trends on stricter sanitary standards on reference
levels of power frequency magnetic field.

Currently, strict sanitary standards for the magnetic
field induction 0.5 uT have been introduced into the
regulatory documents of the Ministry of Energy of Ukraine.
However, in Ukraine these norms are universally exceeded,
which poses a threat to the health of millions of people living
closer than 100 ms from overhead power lines.

Anatolii Pidhornyi Institute of Mechanical Engineering
Problems of the National Academy of Sciences of Ukraine
carried out experimental research of magnetic field generate
by high-voltage transmission lines 10-330 kV [4-7]. It is
shown, that their magnetic field are 3-5 times higher than the
standard level at the border of sanitary zones previously
formed in the electric field. This situation requires urgent
measures to reduce by 3-5 times the magnetic field of the
existing power lines within the cities of Ukraine.

A similar situation is typical for most industrialized
countries of the world [8-11]; however, in these countries,
normalization technologies of magnetic field of existing
power transmission lines have already been created and
are widely used [12-16]. The most effective technology is
the reconstruction of power transmission lines by
removing it to a safe distance from residential buildings,
or replacing an overhead transmission line with a cable
line. However, such a reconstruction requires huge
material resources. Therefore, less expensive methods of
canceling the magnetic field of existing power
transmission lines are more acceptable for Ukraine, of
which the methods of active contour silencing of the
magnetic field provide the necessary efficiency.

The technology of active contour silencing of
magnetic field of existing power transmission lines has
been developed and used in developed countries of the
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world for more than 10 years, for example, in the USA and
Israel [17-23]. In Ukraine, at present, both such technology
and the scientific foundations of its creation are absent.

The method is implemented using a system of
active silencing. System of active silencing consists of
silencing coils, with the help of which a silencing
magnetic field is formed. The currents in canceling
windings automatically generated by a certain algorithm
as a function of the signal from the magnetic field sensors
installed in the protection zone. For the power supply, the
system of active silencing contains a current source that
receives energy from an external source.

In the system of active silencing, a different number
of canceling windings used, determined by the spatio-
temporal characteristic of the initial magnetic field, the
geometric dimensions of the silencing space and the
required level of the resulting magnetic field in the
silencing space. The most common transmission lines in
Ukraine, passing near residential and public areas, are
double-circuit power lines with a suspension of wires of
the «barrel» type. Such transmission lines generate
magnetic field, the spatiotemporal characteristic of which
is a highly elongated ellipse.

For active silencing of such magnetic field, a single-
circuit system of active silencing with one silencing
winding is often sufficient. With the help of such system
of active silencing, the major axis of the spatiotemporal
characteristic ellipse compensated, which makes it
possible to obtain a sufficient silencing efficiency of the
initial magnetic field. In the area of old residential
buildings, single-circuit power lines with a triangular
suspension of wires often pass. Such transmission lines
generate magnetic field, the spatiotemporal characteristic
of which is a circle.

For active silencing of such a magnetic field, it is
necessary to use at least a double-circuit system of active
silencing with two canceling windings. If it is necessary
to shield the magnetic field generated by such a power
line in a multi-storey building, three or more silencing
windings may be required, depending on the required
level of the resulting magnetic field in the silencing space.

For the formation of currents in the silencing
windings, open, closed and combined control algorithms
can be used [24-29]. With an open-loop control algorithm
for silencing windings, one canceling sensor is sufficient,
with the help of which the induction of the initial
magnetic field is measured [30-35]. This sensor installed
outside the silencing space so that the silencing windings
do not affect its operation [36-40].

The disadvantage of the open-loop control algorithm
for the silencing windings is its relatively low efficiency
of silencing the initial magnetic field [41-47]. In
particular, with an open-loop control algorithm, it is
impossible silencing for changes in the magnetic field
induction inside the silencing spase, due to the presence
of internal sources of magnetic field, as well as in the
process of inevitable changes in the parameters of the
system of active silencing control object during its
operation [39, 40].

For the correct implementation of a closed algorithm
for controlling by all silencing windings, the number of
magnetic field sensors is usually equal to the number of

silencing windings [30, 31]. Moreover, all these sensors
installed inside the shielding space for the correct
measurement of the resulting magnetic field generated
both by power lines and by all silencing windings.

As an example, Fig. 1 shows a photo of the spatial
arrangement of the sensor inside the silencing space,
given in [16].

Fig. 1. Spatial arrangement of the magnetic field sensor inside
the silencing space

Naturally, the efficiency of active silencing of the initial
magnetic field with the help of each silencing windings and
all simultaneously operating silencing windings depends on
the spatial arrangement and orientation in the silencing space
of all magnetic field sensors.

The aim of the work is to develop a method for
optimization of spatial arrangement and angular position of
magnetic field sensors of a closed system to ensure
maximum efficiency of silencing of the magnetic field
generated by overhead power lines.

Statement of the problem. Let us consider the
formulation of the problem of correctly determining the
coordinates of the spatial location and their angular
orientation in the silencing space of all magnetic field
sensors, which are necessary for the implementation of a
closed control algorithm for all silencing windings. Let us
introduce the vector Y of the desired parameters of the
coordinates of the spatial arrangement and the vector ¢ of
the desired parameters of the angular position of all
magnetic field sensors at points Q; in the silencing space.
The components of the angular orientation vector of all
magnetic field sensors are vectors of unit length, directed
parallel to the desired angular positions of the axes of the
magnetic field sensors.

Let us consider the mathematical model of the
magnetic field generated in the silencing space by all the
wires of the power transmission line and by all the
magnetic field windings at the installation points Q; of the
canceling sensors in the magnetic field space. We set the
vector [,(f) of instantaneous values of currents in all wires
of the power transmission line of the three-phase current
in the form of sinusoidal dependencies

1;(t)= 4sin(w(c) + ¢;) (1)
of the given frequency @ and the given phase ¢, where
i =1, 2,3 — the number of the conductor of the three-
phase current line.

Then, the instantancous value of the elementary
induction vector dB(Q;, f) of the initial magnetic field at
the considered point of the space point Q; at the time ¢

calculated based on Biot—Savart law [4, 5]
I(t) dL; x R;
aB(0,.1 = O Lix Ry @
47 | Ri|

where R; is the vector from the differential current
element generic field in point Q,, dL; is the elementary
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length vector of the current element, y4 is the vacuum
magnetic permeability. The sign x denotes the vector
product of the vectors dZ; and R,.

Based on (2) for vector /,(f) of instantaneous values of
currents in all wires of the power transmission line (1) by
integrating over the entire length of all current wires of
power transmission lines calculated instantaneous value of
the initial magnetic field induction vector B,(Q,, ?) at time ¢
at points Q; generated by all wires of all transmission lines.

Let us first assume that the number and geometric
dimensions of canceling windings are given. Let us set the
column vector /y(f) of the instantaneous values of the
currents in the canceling windings. Then, for the given
values of the geometric dimensions of the canceling
windings and the vector /() of the instantaneous values
of the currents of the instantaneous values of the currents
in the silencing windings, based on the Biot—Savart law,
similarly (1) calculated the instantaneous value of the
magnetic field induction vector By(Q;, f) generated by all
wires of all silencing windings at time ¢ at points Q..

Then the vector Bg(Q;, t) of the instantaneous values
of the induction of the resulting magnetic field generated
by all wires of the power transmission line and all
silencing windings at time ¢ at points Q, in silencing space

BR(Q;.0) = Bp(Q;.1)+ By (01.1) 3)

Based on this vector Br(Q;, f) of the instantaneous
values of the induction of the resulting magnetic field
vectors at the installation points Q; of the magnetic field
sensors, taking into account the vector ¢ of the spatial
position angles of the magnetic field sensors, the vector
Bi(Q;, ©) of the projections of the vector Bx(Q,, f) of the
instantaneous values of the induction of the resulting
magnetic field onto the vector ¢ of the angular positions
of these magnetic field sensors calculated

By (01,0) = Br(01)® 9, 4)
here the sign ® denotes the tensor (Kronecker) product of
the column vectors. In this case, the elements of the
vector By(Q,, t) are the result of the element-by-element
scalar multiplication of the components of the column
vector Br(Q,, ) and the column vector ¢. The components
of the projection vector By{(Q; f) are scalar values
obtained as a result of component-by-component scalar
multiplication of the resulting magnetic field induction
vectors Br(Q;, t) at the magnetic field sensor installation
point by unit vectors ¢ of the angular position of the
magnetic field sensors.

The components of this vector By(Q,, t) of
projections of the Br(Q,, t) vector of instantaneous values
of the induction of the resulting magnetic field are the
instantaneous values of the voltages /;(¢) at the outputs of
the magnetic field sensors

yu () =Br(0,) @ p® Ky + (1), ®)
where w() is the magnetometer noise vector.

This takes into account the vector column 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.

Let’s take the structure of the system of active
shielding of the magnetic field in the following form: we
will apply the output voltage y(f) of the corresponding
magnetometer to the input u(f) of the PID controller of

each channel. Let’s write the differential state equation of
discrete PID regulators, the input of which is the vector
y(f) of measured magnetic field induction components,
and the output is the vector u(f) of plant control
xc(t+1)=Acxc(t)+ch(t): (6
u(t)= Cox(t)+ Dey(t). @)
in which the elements of the matrices 4., B., C., D, are
determined by the PID parameters of the regulators.

Let’s write down the models of the control objects of
each channel, the input of which is the vector u(¢) of
output voltages of the PID controller, and the output of
which is the vector /y(f) of instantaneous values of
currents silencing windings

x,(t+1)=A,x,(t)+ Bult). (8)

1,,(t)=Cpx,(t)+ Dult). )

in which the elements of the matrices 4,, B,, C,, D, are

determined by the parameters of the model of the control

object, which includes a silencing windings, a power
amplifier and current regulator.

Thus, with the help of (4) — (9), the instantaneous
value of the current vector /y(7) in the silencing windings
formed in the form of feedback on the vector Br(Q,, f) of
the induction of resulting magnetic field (3).

Let us introduce the vector X of desired parameters,
the components of which are the vector Y of the desired
parameters of the coordinates of the spatial arrangement,
the vector ¢ of the desired parameters of the angular
position of all magnetic field sensors at points Q; in the
screening space and the desired column vector K of the
gain coefficients of the silencing windings PID controllers.
Note that if the parameters of the geometric dimensions of
the silencing windings not specified, then they can be
included in the vector vector X of desired parameters. Let
us introduce olso the vector o of the parameters of the
uncertainty of the control object of the system of active
silencing, the components of which are the parameters of
the uncertainty of the mathematical model of the initial
magnetic field and silencing windings [34-38].

We introduce M points P; in the screening space. Note
that the considered M points P; of the silencing space are
selected for reasons of providing a given level of induction
of the resulting magnetic field in the entire given silencing
space, and their number and spatial arrangement may not
correspond to the installation points of the magnetic field
sensors. These points usually chosen over the entire
silencing space, since with the help of the system of active
canceling it is possible to overcompensate the magnetic
field near the power line and undercompensate the initial
magnetic field away from the power line.

Then based on (2) for vector /,(¢) of instantaneous
values of currents in all wires of the power transmission
line (1) by integrating over the entire length of all current
wires of power transmission lines calculated instantaneous
value of the initial magnetic field induction vector B,(Q;, £)
at time ¢ at points P; generated by all wires of all
transmission lines.

Then, for the given values of the geometric
dimensions of the silencing windings and the vector /;(f)
of the instantaneous values of the currents of the
instantaneous values of the currents in the silencing
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windings calculated by (5), based on the Biot—Savart law,
similarly (1) calculated the instantaneous value of the
magnetic field induction vector Bj{(X, o, P;, f) generated
by all wires of all silencing windings at time ¢ at points P;.
Then the vector Br(X, 6, P; f) of the instantaneous
values of the induction of the resulting magnetic field
generated by all wires of the power transmission line and all
silencing windings at time ¢ at points P; in silencing space
BR(X,5,P.0)= Bp(B,1)+ By (X,6,P.0).  (10)

Let us introduce an M dimensional vector Br(X, 9, P;)
of effective values of the resulting magnetic field at M points
in the silencing space, calculated by integrating the square of
the modulus of the instantaneous value vector Br(X, J, P;, f)
over the interval of the network voltage change period.

Then the design problem of vector X parameters of
the coordinates of the spatial arrangement, the vector ¢ of
the desired parameters of the angular position of all
magnetic field sensors at points (O; in the silencing space
and the desired column vector K of the gain coefficients of
the silencing windings controllers reduces to solving vector
minimax optimization wits vector objective function

BR(X,5)=(Bg(X,5,R)). (10).

The components Br(X, o, P;) of which are the
effective values of the induction of the resulting magnetic
field at all considered points Q; in the silencing space.

In this minimax optimization problem it is necessary
to find the minimum of the vector objective function (11)
by the vector X, but the maximum of the same vector
objective function by the vector 6.

At the same time, naturally, it is necessary to take into
account restrictions on the control vector and state variables
in the form of vector inequality and, possibly, equality

G(X)<Gpay, H(X)=0. (12)

Note that the components of the vector criterion (11)
and constraints (12) are the nonlinear functions of the vector
of the required parameters of the regulators and their
calculation is performed basis on the Biot—Savart law [5, 6].

The method for problem solving. The solution of
the vector minimax optimization problem wits vector
objective function (11) is the set of unimprovable
solutions — the Pareto set of optimal solutions if only one
vector objective function is given [48, 49]. Such a
statement of the optimization problem is an ill-posed
problem, since the solution in the form of a Pareto
optimal set of unimprovable solutions is devoid of
engineering sense from the point of view of practical
application [50, 51]. In addition to the vector optimization
criterion (11) and constraints (12), it is also necessary to
have information about the binary relations of preference
of local solutions to each other in order to correctly solve
the problem of multi-criteria optimization. This approach
makes it possible to significantly narrow the range of
possible optimal solutions to the original multi-criteria
optimization problem.

The problem of finding a local minimum at one
point of the considered space is, as a rule, multi-extreme,
containing local minima and maxima, therefore, for its
solution, it is advisable to use algorithms of stochastic.
Currently, the most widely used are multi-agent stochastic
optimization methods that use only the speed of particles.

To find the solution of minimax vector optimization
problem (11) from Pareto-optimal decisions [48, 49]
taking into account the preference relations, we used
special nonlinear algorithms of stochastic multi-agent
optimization [50, 51]. First-order methods have good
convergence in the region far from the local optimum,
when the first derivative has significant values.

The main disadvantage of first-order search methods,
which use only the first derivative — the speed of particles,
is their low efficiency of the search and the possibility of
getting stuck in the search near the local minimum, where
the value of the rate of change of the objective function
tends to zero. The advantage of second-order algorithms is
the ability to determine not only the direction of movement,
but also the size of the movement step to the optimum, so
that with a quadratic approximation of the objective
function, the optimum found in one iteration.

To search the components Xj(f) optimal values of
the vector X of the desired parameters minimizing vector
optimization criterion (11) under constraints (12), for
calculating velocities V;(f) and accelerations A4;(f) of i
particle of j swarm using the following steps

Vij(t+1) =Wy V(1) + Cy Ry ; (1) %

X H (P (6) — E1 ()Y ()

X O]+ Co Ry (OH (R (1) - (13)
By )i 0-X, 0]
A (6 4+1) = Wy ; A (6) + C3 Ry ; (1)
x H Py (6) ~ Exy (0)] (1) -
(14)

Ty (O]+ Cy Ry (O H Py ()~

= By )20~ 0)]
here Y;(f) and ¥;" — the best-local and global positions
X;(1), Z(t) and Z — the best-local and global velocity
V(%) of the i-th particle, found respectively by only one
i-th particle and all the particles of j swarm.

Random numbers R;(f), E;(f) and constants Cj, P;;,
W; are tuning parameters, H is the Heaviside function.

To search the components X;(f) optimal values of
the vector J of the parameters of the uncertainty of the
control object (2) of the system of active silencing
maximizing the same vector optimization criterion (11)
under constraints (12), for calculating velocities V;(f) and
accelerations A4;(¢) of i particle of j swarm using the steps
similarly (13) — (14). However, unlike (13) and (14), the
best local and global position and velocity components
are those that lead not to a decrease in the corresponding
components of the vector objective function (11), but vice
versa to their increase. This is where the «malicious»
behavior of the vector ¢ of uncertainties of the designed
system is manifested.

The use of the Archimedes algorithm [53] for
calculating minimax vector optimization problem (11)
solutions with vector constraints (12) and binary
preference relations it possible to significantly reduce the
calculating time [51, 52].

Results of design of experimental model. As an
example, consider the design of optimal spatial
arrangement and angular position of magnetic field
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sensors for a closed system to ensure maximum efficiency
of active silencing of the magnetic field generated by
experimental model of double-circuit power transmission
line with a suspension of wires of the «Barrel» type in a
five-story residential building. Figure 2 shows the spatial
arrangement of the transmission line model and the model
of a five-story residential building.

Arrangement of active elements

0.5 —

0—

-1

Fig. 2. Spatial arrangement of the transmission line model and
the model of a five-story residential building

In the process of designing of optimal spatial
arrangement and angular position of magnetic field
sensors, the spatial arrangement of the two silencing
windings was also designed. The spatial position of these
two windings are also shown in Fig. 2.

Figure 3 shows the spatio-temporal characteristics (STC)
of the initial magnetic field (1), magnetic field generated by
both silencing windings (2) and the resulting magnetic field (3)
with the active silencing system turned on. These spatio-
temporal characteristics are calculated at the point of optimal
spatial arrangement of magnetic field sensors.

25 Field at pointx=2m, z=0.65m

-2.5
-2.5

Fig. 3. The spatio-temporal characteristics of the magnetic field

From this figure it follows that with the help of two
silencing windings, a sufficiently high value of the
silencing factor is realized at the point of the spatial
location of the of magnetic field sensors.

Experimental studies. To conduct experimental
research, a model of a double-circuit power transmission
line with a wire suspension of the «Barrel» type
developed, the photo of which shown in Fig. 4.

Fig. 4. Power transmission line model with a wire suspension
of the «Barrel» type

A model of a double-circuit system of active
silencing with two silencing windings has also been
developed, a photo of which is shown in Fig. 5.

To control the currents in the silencing windings and
the implementation of the regulators, the system of active
silencing model was developed, the photo of which is
shown in Fig. 6.

\! i

Fig. 5. Two compensating silencing of double-circuit system
of active silencing model

< % ) '-,‘_“
Fig. 6. Double-circuit system of active silencing model

Next to the two magnetic field sensors, photo of
which shown in Fig. 7. With the help of which a closed-
loop control algorithm for two silencing windings
implemented, sensors are also installed, with the help of
which the STC of the MF is measured.

The sensors mounted on tripods, with the help of
which it is possible to set the required positioning angles
of the magnetic field sensors.
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Results of experimental studies. Let us consider
the first variant of the angular position of the magnetic
field sensors. Both sensors are installed orthogonally to
the X and Z coordinate axes. On Fig. 8 shows the
experimental silencing factor surface. The silencing factor
is greater than 5.

Distribution of K,, for | B,,| of HPVL-SAS
Pt

X, m 3 0.5
Fig. 8. Experimental silencing factor surface for first variant

Consider now the second variant of the angular position
of the magnetic field sensors. The sensors are installed in such
a way that their outputs have the maximum voltage when
only one silencing winding of the same channel is operating.
In this case, the angular positions of the sensors are
respectively equal to 113 degrees and 358 degrees. On Fig. 9
shows the experimental silencing factor surface.

Distribution of Ky; for | B.| of HPVL-SAS

X, m 3 0.5
Fig. 9. Experimental silencing factor surface for second variant

The silencing factor is greater than 3.5. With such an
installation of the magnetic field sensors, each channel
most effectively suppresses the induction of the initial

magnetic field in the plane in which this channel
generates the magnetic field.

Consider now the third variant of the angular position
of the magnetic field sensors. The sensors are installed in
such a way that their outputs have a minimum voltage
when only one silencing winding of another channel is
operating. In this case, the angular positions of the sensors
are respectively equal to 222 degrees and 187 degrees.
Figure 10 shows the experimental silencing factor surface.

Distribution of K, for | B,,| of HPVL-SAS
|

X, m 3 0.5
Fig. 10. Experimental silencing factor surface for third variant

The experimental silencing factor is greater than 12.
With such an installation of the magnetic field sensors,
each channel most effectively suppresses the induction of
the initial magnetic field in a plane orthogonal to the
plane in which the other channel generates the magnetic
field. Therefore, the channels have minimal influence on
each other when they work together.

Conclusions.

1. A method for optimizing the spatial arrangement
and angular position of magnetic field sensors in a closed
system of active silencing of the magnetic field to ensure
maximum efficiency of active silencing of the magnetic
field created by overhead power lines has been developed.

2. Optimization of the spatial arrangement and
angular position of the magnetic field sensors according
to the developed method is reduced to the calculation of
the solution of the vector minimax optimization problem
based on binary preference relations. The objective
function vector of the minimax optimization problem and
the calculation of constraints are formed on the basis of
the Biot—Savart law and this solution is calculated on the
basis of stochastic nonlinear algorithms of Archimedes.

3. Based on the developed method, the optimal
spatial arrangements and angular positions of two
magnetic field sensors, as well as currents in two
silencing windings for double-circuit systems of active
jamming of the magnetic field in a multi-storey old house,
created by double-circuit overhead power lines 110 kV
with a «Barrel» type arrangement of wires.

4. The effectiveness of the developed method for
optimizing the spatial arrangement and angular position
of two magnetic field sensors has been experimentally
confirmed on a physical model of a system for active
silencing of a magnetic field with a double-circuit power
transmission line with a «Barrel» type arrangement of
wires, which made it possible to reduce the level of the
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magnetic field with an initial induction of 5.7 uT to safe
level for the population with an induction of 0.5 puT.
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