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Method for reduction of magnetic field of uncertain extended technical objects based on their
multyspheroidal model and compensating magnetic dipoles

Problem. The implementation of strict requirements for magnetic silence of elongated energy-saturated objects such as naval vessel
and submarines is an important scientific and technical problem of magnetism of technical objects. Purpose. Development of method
for reduction of magnetic field of uncertain extended technical objects based on their multyspheroidal model and optimization of
parameters of compensating dipoles for compensate of spheroidal harmonics of external magnetic field of technical object.
Methodology. Number, coordinates of spatial arrangement and magnitudes of spherical harmonics of compensating dipole of
magnetic field sources calculated as magnetostatics geometric inverse problems solution in the form of nonlinear minimax
optimization problem based on multyspheroidal model of magnetic field of extended technical objects. Nonlinear objective function
calculated as the weighted sum of squared of resulting magnetic field COMSOL Multiphysics software package used. Nonlinear
minimax optimization problems solutions calculated based on particle swarm nonlinear optimization algorithms. Results. The results
of reduction of the initial magnetic field of extended technical objects based on their multyspheroidal model and optimization of
parameters of compensating magnetic dipoles for compensate of spheroidal harmonics of external magnetic field of technical object
using multyspheroidal model of the magnetic field in the form of spatial prolate spheroidal harmonics in the prolate spheroidal
coordinate system and taking into account the uncertainty of the magnetic characteristics of extended technical objects. Originality.
For the first time the method for reduction of magnetic field of uncertain extended technical objects based on their multyspheroidal
model and optimization of parameters of compensating magnetic dipoles for compensate of spheroidal harmonics of external
magnetic field of technical object using multyspheroidal model of the magnetic field developed. Unlike known methods, the
developed method makes it possible to increase the efficiency of magnetic field reduction of uncertain extended technical objects.
Practical value. It is theoretically shown the possibility to reduce by almost 100 times of modulus of induction and horizontal
component of the induction of the original magnetic field of uncertain extended technical objects based on optimization of
parameters of compensating magnetic dipoles for compensate of spheroidal harmonics of external magnetic field of technical object
using multyspheroidal model of the magnetic field. References 48, figures 6.
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Ipoonema. Peanizayis 3copcmkux 6umMoe w000 MASHIMHOL muti GUMSCHYMUX eHEP2OHACUHEHUX 00 €KMIB, MAKUX sIK GIICbKO8I KOpaoii
ma ni08OOHI YOBHU, € BAICUBOIO HAYKOBOIO MA MEXHIYHOIO NPOOIEMOI0 MacHemu3My mexniyHux 06 ekmis. Mema. Pospobxa memooy
3MEHUIeHHSI MACHIMHOZ20 NOJISL HEGU3HAYEHUX NPOMSINCHUX MEXHIYHUX 00 '€Kmi@ Ha 0CHOBI IX Mynbmicgepoidanshoi modeni i onmumizayii
napamempie KOMREHCYIOUUX MASHIMHUX OUNONI6 OJisi KOMReHcayil cghepoioanbHux 2apMOHIK 306HIUHBO2O MAZHIMHO2O NOJISL MEXHIYHO20
06’ckma. Memooonozia. Ilapamempu KomneHcylOUUx OUNObHUX Odicepeil MASHIMHO20 NONA PO3PAX08aHi AK pilleHHs 06epHeHuUx
2e0MemPUYHUX 3a0aY MASHIMOCMAMUKY Y popmi HeiHItIHOL 3a0aui MIHIMAaKCHOT onmumizayii Ha 0CHO8I My1bmMucpepoioanbHoi Mooeni
MACHIMHO20 NOJIA GUMACHYMUX MeXHIUHUX 006 'ckmis. Heninilina yinboéa @OyHKYiss po3paxosana 5K 368aAJiCeHd CyMd Keaopamis
PE3VIbMYI01020 MACHIMHO20 NOAA 3 eukopucmannam npozpamnozo naxemy COMSOL Multiphysics. Po3é’asku 3adau meninitinoi
MIHIMAKCHOI onmumizayii po3paxoeani Ha OCHOBI ANCOPUMMIE HeMiHIUHOI onmumizayii poem yacmunokx. Pezynemamu. Pesynvmamu
KoMneHcayii 6UXiOH020 MACHIMHO20 NOJISL GUMASHYMUX MEXHIYHUX 00 €Kmie Ha OCHOSI IX MynbmicepoioanvHoi mooeni i onmumizayii
napamempie KOMREHCYIOUUX MASHIMHUX OUNONI6 OJisi KOMREHcayil cghepoioanbHux 2apMOHIK 306HIUHBO2O MAZHIMHO2O NOJISL MEXHIYHO20
00’exma 3 8UKOPUCTNIAHHAM MYTbMUCHEPoioansHoi Mooeni MacHimHO20 NOA 8 6UA0l NPOCMOPOBUX GUMASHYMUX CQepoioanbHUX
2apMOHiK 6 umsAHYmill cghepoionitl cucmemi KOOPOUHAM MA 3 BPAXYBAHHAM HEGUSHAUEHOC MASHIMHUX XAPAKMEPUCIUK GUIMASHYMUX
mexniunux 06 ’ckmis. Opuzinanvuicms. Bnepuie po3poOneHo memoo 3MeHUleHHA MASHIMHO20 NONA HEeGUSHAYEHUX NPOMANCHUX
MEeXHIYHUX 00 €Kkmi6 Ha OCHOSI iX Mynbmicghepoidanvhol Modeni i onmumizayii napamempie KOMNEHCYIOUUX MASHIMHUX Ounonie Ois
Komnencayii cgpepoioanbHux 2apMoHiK 308HIUHBO20 MACHIMHO20 NOJA MEXHIYHO20 06 €KMA 3 UKOPUCMAHHAM MYIbIMUCepoioansHol
Mooeni macHimnoz2o nons . Ha eiominy 6i0 eidomux memoois, po3pobneHuti memoo 0036015€ NIOSUWUMU eDEeKMUGHICTb 3MEHUUEHHS
MASHIMHO20 NONIA HEBUSHAUEHUX NPOMANCHUX mexHiunux 06 ckmie. Ilpaxmuuna uinunicme. [loxazana meopemuuna MONCIUGICTb
smenuienna mavixce 6 100 pazie modynsa iHOYKYii ma 20pu3oHmanbHoi cKIa008oi iHOYKYii BUXIOHO20 MASHIMHO20 MO He8USHAUEHUX
NPOMANCHUX MEXHIYHUX 00 ’€Kmié Ha OCHOGI ONMUMI3AYIi napamempie KOMNEHCYIOUUX MASHIMHUX OUunonie Ona KomneHcayii
chepoidanvhux eapMOHIK 308HIUHBO2O MASHIMHO20 NOJA. NOJIA MEXHIYHO020 00 '€EKMa 3 GUKOPUCIAHHAM MYTbmMuc@epoioansroi mooeni
MmaeHimuoezo noas. bion. 48, puc. 6.

Kniouoei cnosa: BUTATHYTI TexHiYHi 00’€kTH, MarHiTHe noJe, MyabTHChepoilalbHa MOJe/lb, MATHITHA THIIA, BUTATHYTA
cdepoigHa cucTeMa KOOPIAMHAT, MPOCTOPOBi BUTATHYTI cepoinHi rapMoHiKu, ynpaBJ/iiHHS, HeBU3HAYEHICTh.

Introduction. Strict requirements are imposed on
the accuracy of the description of the magnetic field near
a technical object in shipboard magnetism such as naval
vessel and submarines, when solving problems of
electromagnetic compatibility, as well as in developing
means of magnetic orientation and ensuring the magnetic
cleanliness of spacecraft [1-3]. The main threat to naval
vessel and submarines in modern naval warfare are naval
mines. The magnetic protection complex of naval vessel
and submarines from naval mines designed to reduce the
magnetic field level at the control depth at which mine

fuses do not operate through the following channels:
magnetic, responding to the magnetic induction of a
constant and slowly changing of magnetic field induction,
responding to changes in the induction of a constant and
slowly changing magnetic field during the movement of
the naval vessel and submarines, -electromagnetic,
responding to the low-frequency electromagnetic field of
the naval vessel and submarines [4-8].

The requirements for magnetic protection of naval
vessel and submarines formulated as follows: the
maximum value of the magnetic induction module of a
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constant and slowly changing magnetic field calculated
from the magnetic signature (pass-through characteristic)
of the naval vessel and submarines at the control depth,
should not exceed the specified value; the maximum
value of the change in the horizontal component of the
magnetic induction of a constant and slowly magnetic
field changing over a certain period of time, calculated
from the magnetic signature of the naval vessel and
submarines, at the control depth when it moves at the
nominal speed, should not exceed the specified value; the
maximum value of the magnetic induction module of the
low-frequency magnetic field of 50 Hz, calculated from
the magnetic signature of the naval vessel and submarines
at the control depth should not exceed the specified value.

To meet these stringent requirements for magnetic
silence, all ships periodically carry out the demagnetization
(degaussing) process on special magnetodynamic stands.
To enhance the demagnetization process, a special
solenoidal winding is installed on the ship’s hull. To
compensate the magnetic field of naval vessel and
submarines a system of compensation windings are used in
three orthogonal coordinates associated with the ship —
the longitudinal, transverse and vertical directions [4-7].
Compensation of the magnetic field of the main
magnetization of the ship in the vertical direction is carried
out using main parallel coils designed to compensate for
the large magnetizations of the bow and stern of the ship. In
addition to the general ship compensation windings,
separate local electromagnetic compensators are also used.

Naval vessel and submarines are elongated energy-
saturated objects and have a cigar-shaped appearance. The
use of a spherical expansion of the scalar potential for
objects with a predominant overall size does not make it
possible to describe the magnetic field near their surface
[9-13]. It seems relevant at present to use of spatial
harmonic analysis in an extended spheroidal coordinate
system, where the shape of the coordinate surfaces makes
it possible to bring the description area closer to the
surface of the object itself [14—16].

To compensate of initial magnetic field generated by
these energy-saturated elongated object, it is theoretically
possible to use compensating spheroidal magnetic field
sources located at points in the space of the technical
object, calculated when designing a multyspheroidal model
of the original magnetic field of the technical object.

Multyspheroidal sources of the magnetic field
should be taken equal in magnitude, but opposite in sign
to the corresponding spheroidal harmonics of the
spheroidal sources of the original magnetic field of the
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technical object. However, the technical implementation
of such compensating spheroid magnetic field sources
presents certain difficulties [16]. Therefore, we will
consider the generation of a compensating magnetic field
using compensating dipole magnetic field sources.

In various operating modes of an energy-saturated
elongated technical object, as well as during operation, its
signature changes, therefore, when reducing it, it is
necessary to take into account the uncertainties of the
magnetic signature of a technical object [17-19].

Optimization of parameters of compensating dipoles
based on multyspheroidal model of magnetic field of
energy-saturated elongated objects will improve the
efficiency of reduction of original magnetic field of such
uncertain objects.

The purpose of the work is to develop a method for
reduction of magnetic field of uncertain extended
technical objects based on their multyspheroidal model
and optimization of parameters of compensating dipoles
for compensate of spheroidal harmonics of external
magnetic field of technical object.

Definition of forward multyspheroidal
magnetostatics problem. Let’s consider a
multyspheroidal model of the original magnetic field of
an energy-saturated extended technical object in an
elongated spheroidal coordinate system. Let us assume
that the initial magnetic field of an extended energy-
saturated object is generated using / spheroidal magnetic
field sources located at points in space of the technical
object with coordinates (x;);, z;) in a rectangular
coordinate system associated with the center of the
technical object as shown in Fig. 1.

X
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Fig. 1. Energy-saturated extended technical object

Then the components Hy;, H,; H,; of the magnetic
field generated by these [ spheroidal sources at J
measurement points are calculated at points with
coordinates &, 77;, ¢; in elongated spheroidal coordinate
systems associated with the centers of these sources,
according to the following dependencies [16]
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coordinates (x;, y;, z;) in rectangular coordinate systems
associated with the center of the technical object, from the
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location points of spheroidal magnetic field sources with
coordinates (x;, ;, z;) in an orthogonal system coordinates

associated with the center of the technical object are
related by the relation

' 2 ' 2
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where P,,"f( ii)’ Oni (fy) associated Legendre functions of
the first and second kind, respectively, with degree n and

order m; c;, cpyi, sni — constant coefficients characterizing

the amplitudes of external spheroidal harmonics of the
magnetic field.
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Measurements and calculations of magnetic field
components it is more convenient to carry out in the
orthogonal coordinate system (x; y; z;), the transition to
which for the components H,;, H,; H.; is carried out
using the formulas [16]:
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known formula with a limitation on the number of terms
of the infinite series [18]
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Note that the calculation of the components Hy;, 1,;,
H,; of the magnetic field in spheroidal coordinates &;, 7,
@; using (1) or components H.;, H,;, H.; in the orthogonal

g2 1)

coordinate system (x; ), z) using (3) generated by
spheroidal sources of the magnetic field for given values of

parameters ¢; and spatial spheroidal harmonics c); , s); at
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measurement points with coordinates (x; y; z;) is a forward
problem of magnetostatics for spheroidal magnetic field
sources [20-25].

Definition of forward multydipole magnetostatics
problem. To compensate for the spheroidal spatial
harmonics of magnetic field of an energy-saturated
extended object, we introduce C dipole magnetic field
sources located at the C points of space of the technical
object with coordinates (x,, y., z.) in a rectangular coordinate
system associated with the center of the technical object. Let

us define the spherical harmonics g, h). of these C

compensating dipole magnetic field sources.

Let us consider the calculation of the components of
the magnetic field generated by these C dipole magnetic
field sources at the magnetic field measurement points with
coordinates (x;, 3, z;) in a rectangular coordinate system
associated with the center of the technical object. Let us
calculate the spherical angular coordinates r,;, ¢, 6,; under

which the measurement points with coordinates (x;, y;, z))
are «visible» from the location points of dipole magnetic
field sources with coordinates(x., y., z.) in a rectangular
coordinate system, associated with the center of the
technical object, from the following relationships

Xj=Xo =1y -Sil’l(@cj )Cos(wcj )’
Tej € [0,00]
Vi—Ve=ty sm(HLJ) sin(%j b= Oy €l0] —(6)
€[0,2m]
Zj=Ze =g COS(tgcj)

Then the components H,;, H,, Hy; of the magnetic
field in the spherical coordinate system r;, @ 0
associated with the center of location of the compensating
dipole source of the magnetic field, are calculated using

the following formulas [20]
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Using the calculated components H,;, H,;, Hg; of the

magnetic field in the spherical coordinate system r;, ¢, O,
we calculate the components Hmj, H,,, H.; of magnetic

H,, rej SIN(0,;) €08(@;) + H e c08(0,;) cos(@;) — H
H ;= H,jsin(0;)sin(@y;) + Hyj cos(0;)sin(g,;) + H .

aey (cos(&cj)) .

do,;

sin(0,)
field with orthogonal coordinate system, associated with

the center of the compensating dipole magnetic field source
according to the following formulas [20]

cos(wc,) ®)

(7

Hzcj = H ¢ cos(0) — Hog; sin(0;).

Let us take the axes of the orthogonal coordinate
systems of compensating dipole sources parallel to the
corresponding axes of the orthogonal coordinate system
associated with the center of the technical object. Then
the magnetic field components H,, H,, H. in an
orthogonal coordinate system associated with the center
of a technical object generated by all compensating dipole
sources of magnetic field in currents, measurements with
coordinates (x;, y;, z) are calculated as sums of the
corresponding components H,y;, H,;, H.,; of magnetic
field generated by individual compensating dipole sources
at measurement points with coordinates (x;, y;, z)).

Note that the calculation of the components H,;,
H,;, Hy; of the magnetic field in the spherical coordinate
system 7, ¢, 0 using (1) or components H,, H,., H.;
of magnetic field with orthogonal coordinate system
(x5, ¥» z;) using (3) generated by spherical sources of the
magnetic field for given values of spherical harmonics
gne> e
(x; ¥, z) is a forward problem of magnetostatics for
spherical magnetic field sources [26-30].

Definition of prediction geometric inverse
problems of magnetostatics. Let us now consider the
definition of the prediction geometric inverse problems of
magnetostatics based on a forward multyspheroidal model

at measurement points with coordinates

(1) of the initial magnetic field of an energy-saturated
extended object [26-34]. As a result of solving the
prediction of the geometric inverse problem of
magnetostatics based on the multyspheroidal model (1) of
the original magnetic field of the energy-saturated
extended control object, it is necessary to calculate the
following coordinates (x;, y;, z;) of the location of the
multyspheroidal sources of the original magnetic field in
the space of the technical object and the parameters ¢; and

spatial spheroidal harmonics ¢, sp: in such a way that,

based on this mathematical model (1), the values of the
magnetic field at measurement points with coordinates
(x; ¥ z)) are close to the experimentally measured values
of the magnetic field in these measuring points.

A feature of the energy-saturated extended technical
objects are the uncertainty of the magnetic characteristics
of their elements and their change in different operating
modes [35-40]. Let us introduce the vector G of
uncertainties of the parameters of the magnetic
characteristics of energy-saturated extended technical
object [41-44].

Let us introduce the vector ¥/(G) of the measured
values of the magnetic field signature of a technical
object, the components of which are the measured
components H(G), H(G), H..(G) of the magnetic field

Electrical Engineering & Electromechanics, 2025, no. 2

51



of the technical object for given rectangular coordinates
(x5, ¥, z;) associated with the center of the technical
object. Note that the vector ¥(G) of measured values of
the magnetic field signature of a technical object depends
on the operating modes of the technical object and on the
vector G of uncertainties of the parameters of the
magnetic cleanliness of the energy-saturated extended
technical object units.

Let us introduce the vector X of the desired
parameters of solving the prediction of the geometric
inverse problem of magnetostatics, the components of
which are the coordinates (x;, y;, z;) of the location of
spheroidal sources of the magnetic field at points in the
space of a technical object in a rectangular coordinate
system associated with the center of the technical object
and given magnitudes of parameters c¢; and spatial

spheroidal harmonics cj;, sn: of these spheroidal
magnetic field sources.

Then for given coordinate values (x;, y;, z;) of the
location of spheroidal magnetic field sources, at points in
space of a technical object in a rectangular coordinate
system associated with the center of the technical object

and given values of parameters ¢; and spatial spheroidal
harmonics c¢;, sp; components Hy(X,G), Hyu(X,G),

H.(X,G) Hy;, H,;, H.; of the magnetic field generated by
these spheroidal magnetic field sources at measurement
points with coordinates (x;, y;, z) in a rectangular
coordinate system associated with the center of the
technical object can be calculated based on forward
multyspheroidal magnetic field model (1).

The values of parameters ¢; and spatial spheroidal

harmonics c,;, sy; of forward multyspheroidal magnetic

field model (1) of an elongated energy-saturated object in
an elongated spheroidal coordinate system & 7, @
depended on the operating modes of the energy-saturated
extended technical object and, therefore, are functions of
the components of the vector G' of uncertainties of the
parameters of the magnetic cleanliness of the energy-
saturated extended technical object.

Therefore the components Hy, (X G), H,n(X G),
H..(X G), H, H,;, H.; of the magnetic field generated
by these spheroidal magnetic field sources at
measurement points with coordinates (x;, 3;, z;) are also
functions of the vector G of uncertainties of the
parameters of the magnetic cleanliness of the energy-
saturated extended technical object and the vector X of
the desired parameters of solving the prediction of the
geometric inverse problem of magnetostatics.

Let us introduce the vector Y«(X,G) of calculated
values of the magnetic field signature of a technical
object, the components of which H,(X,G), H,;(X,G),
H.,(X,G), H;, H,;, H.; are calculated values components
of the magnetic field of a technical object for given
measurement points with coordinates (x;, );, z) in a
rectangular coordinate system associated with the center
of the technical object.

Let us introduce the E(X,G) vector of the
discrepancy between the vector ¥j(G) of the measured
magnetic field and the vector Y«(X,G) of the predicted by
model (3) magnetic field

E(X,G) =Yy (G)~Yc(X,G). ©)

Then the solution of prediction geometric inverse
problem of magnetostatics comes down to the standard
approach of designing a robust prediction multyspheroidal
model of magnetic field of an energy-saturated extended
object, when the coordinates (x;, y;, z;) of the location of
spheroidal sources of the magnetic field at points in the
space of a technical object in a rectangular coordinate
system associated with the center of the technical object
and magnitudes of parameters ¢; and spatial spheroidal

harmonics ¢, sp; of these spheroidal magnetic field

sources are found from the conditions for minimizing the
vector of the discrepancy between the vector of the
measured magnetic field and the vector of the predicted
by forward multyspheroidal model magnetic field, but for
the «worsty the vector G of uncertainties of the
parameters of the magnetic characteristics of energy-
saturated extended technical object are found from the
conditions for maximizing the same vector of the
discrepancy between the vector of the measured magnetic
field and the vector of the predicted by multyspheroidal
model of magnetic field.

Definition of control geometric inverse problems
of magnetostatics. Let us now consider the definition of
control geometric inverse problem of magnetostatics
based on a multydipole model (1) of the compensating
magnetic field of an energy-saturated extended control
object. As a result of solving the control of the geometric
inverse problem of magnetostatics on the basis of a
multy-dipole model (7) of the compensating magnetic
field of an energy-saturated extended control object, it is
necessary to calculate the coordinates (x., y., z.) of the
location C of multy-dipole sources of the compensating
magnetic field in the space of energy-saturated extended

control object and the magnitude g, h,. of their

spherical spatial harmonics, in such a way that, on the
basis of this, the control of the mathematical model (7) of
components values H,., H,., H.. of magnetic field at the
measurement points with coordinates (x;, y;, z;) were close
in magnitude but oppositely directed to the values of the
initial magnetic field calculated on the basis of the
predictions of the multyspheroidal model (1) at the same J
measurement points with coordinates (x;, y;, z)).

Let us introduce the vector X of the desired
parameters for solving the problem of compensating of
initial magnetic field of energy-saturated extended control
object, whose components are unknown values of
coordinates (x;, y;, z;) of the location of spherical sources
of the compensating magnetic field at points in the space
of a technical object in a rectangular coordinate system
associated with the center of the technical object and

unknown values magnitude g, k. of their spherical

spatial harmonics of magnetic field of these spherical
compensating sources.

Then, for a given value of the vector X of the desired
parameters of the compensating dipoles, based on (7), the
vector B.(X) of the compensating magnetic field
generated by all compensating dipoles at the specified
points in space, in particular at the control depth of a
technical object generated by all compensating dipoles
can be calculated.
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Then we calculated the vector Bg(X,G) of resulting
magnetic field at the specified points in space, in
particular at the control depth of a technical object
generated by energy-saturated extended control object and
all compensating elements

Br(X,G)=B(G)+B.(X). (10)

Then the problem of calculated unknown values of
vector X of the desired parameters for solving the
problem of compensating of initial magnetic field of
energy-saturated extended control object, whose
components are unknown values of coordinates (x;, y;, z;)
of the location of spherical sources of the compensating
magnetic field at points in the space of a technical object
in a rectangular coordinate system associated with the
center of the technical object and unknown values

magnitude g, h,. of their spherical spatial harmonics

of magnetic field of these spherical compensating sources
can be reduced to solving the problem of minimax
optimization of resulting magnetic field (10) generated by
energy-saturated extended control object and all
compensating elements at the specified points in space, in
particular at the control depth of a technical object.

This approach is also standard when designing of
robust control by resulting magnetic field of an energy-
saturated extended control object, when the coordinates of
the spatial arrangement and the magnitudes of the
compensating dipole calculated from the conditions for
minimizing modulus of spacecraft resulting magnetic field
(10) at the specified points in space, in particular at the
control depth of a technical object, but for the «worst» values
of the vector of uncertainty parameters of the energy-
saturated extended technical object magnetic characteristics.

Inverse problems solution method. Components of
the vector games (9), (10) are nonlinear functions of the
vector X of required parameters and the vector G of
uncertainty ~ parameters of  geometric  inverse
magnetostatics problem for prediction and control by
magnetic signature of an energy-saturated extended object
based on a multydipole model (1) taking into account
forward problem uncertainties and calculated by
COMSOL Multiphysics software.

A feature of the calculated solution problem is the
multy-extremal nature of games payoff (9), (10) so that the
considered region of possible solutions contains local
minima and maxima. This due to fact that when
minimizing the resulting magnetic field at one point in the
signature of technical object, the magnetic field level at
another point in signature of this technical object increases
due to under compensation or overcompensation of the
original magnetic field of technical object. Therefore, to
calculate the solution this vector games (8) — (10) used
stochastic multy-agent optimization algorithms [45].

To adapt the PSO method in relation to the problem
of finding Pareto-optimal solutions on the set of possible
values of a vector criterion, it is most simple to use binary
preference relations that determine the Pareto dominance
of individual solutions. To find a unique solution of a
vector games (9), (10) from a set of Pareto-optimal
solutions used information about the binary relationships
of preferences of local solutions relative to each other
[45]. To calculate one single global solution to the vector

games (9), (10) individual swarms exchange information
with each other during the calculation of optimal solutions
to local games. Information about the global optimum
obtained by particles from another swarm used to
calculate the speed of movement of particles from another
swarm, which allows calculated all Pareto-optimal
solutions. To increase the speed of finding a global
solution, special nonlinear algorithms of stochastic multy-
agent optimization in which the motion of i particle of j
swarm described by the following expressions [46]

~-(t+1)=W1,' ~~(t)+cl ~r1j(t)><...
0, ())P,-,-@—...
() H\pyji (1) -

‘521'1’1%' - ij(’)l
Ml](t+l):W2j l]()+c3jr3j ) X.
><(p3l](t)—6‘3l] Zjj )— (;]"'
+C4]V4](t)H p4l/(t) 84l]t X
..X[Z;(z)_(s,,(z)l
2(1+1) = 3 (0)+ 1 +1), (13)

where x;(?), g;(f) and vi(?), uy(f) is the position and
velocity of i particle of j swarm.

In (11) = (13) (0. 2,(0) and (), ;(1)
local and global positions of the i—th particle, found

respectively by only one i—th particle and all the particles
of j swarm. Moreover, the best local position y;(#) and the

an

]+02]r2]

(12)

— the best

global position yj-(t) of the i particle of j swarm are

understood in the sense of the first player strategy x;(#) for
minimum of component E{(X,G), Br(X,G) of the vector
payoff (9), (10). However the best local position z;(f) and

the global position z of the i particle of j swarm are

understood in the sense of the second player strategy g;(?)
for maximum of the same component E(X,G), Br(X,G)
of the vector payoff (9), (10).

Simulation results. Each naval vessel and each
submarine has its own unique signature — a magnetic
portrait, which can be used to determine not only the type
of technical object, but also this particular technical
object. Therefore, the magnetic signatures of specific
naval vessel and submarines are a top secret [47, 48].

Measuring the magnetic field signature of naval
vessel and submarines is usually carried out when a
technical object moves against magnetic field sensors
fixedly installed at various points in space. In particular,
in the French marine laboratory 13 three-component
magnetometers were installed along the body of the
technical object being measured [13]. With linear
geometric dimensions of a technical object £100 m and
measuring the magnetic field signature after 1 m, the
number of measurement points will be 2613 pieces, and
the number of measurements will be 7839 values of
magnetic field components.

Based on these measurements, a mathematical
model of the magnetic field signature is calculated.
Recently, moving underwater drones equipped with
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magnetometers have been used to measure the magnetic
signatures of naval vessel and submarines [47, 48].

As an example, consider the magnetic signature of a
technical object, the parameters of which are given in [6].
The technical object has linear dimensions from —100 m to
+100 m. The initial magnetic field is generated by 16
dipole sources located at points in space of the technical
object with the following coordinates. When measuring
the magnetic field along the length of a technical object
from —100 m to +100 m with an interval of 1 m along
three lines with [6] coordinates, 603 measurement points
are obtained. In this case, at each point three components
of the magnetic field are measured in an orthogonal
coordinate system associated with the center of the
technical object, so that the total number of measurements
is 1809 magnetic field values.

Let us first consider the design of a multyspheroidal
model of the initial magnetic field. As a result of solving
the predictions of the geometric inverse problem, the
coordinates (x, y, z) of the spatial location and their values
of the parameters ¢ and the coefficients of the first
spheroidal harmonics clo, cll, s;tof 5 spheroidal sources of
the multyspheroidal model of the initial magnetic field of
the energy-saturated elongated technical object under
consideration were calculated by magnetosystems.

1)Sources M|, — x = 24.1775 m, y = 0.203945 m,
z = 144653 m, ¢ = 17.1245, ¢, = -840.073,
a',=13.9223,5,' =-193.016;

2)Sources M, — x = —13.2818 m, y = 0.498642 m,
z = 0266331 m, ¢ = 0232014, ¢°, = —58875.5,
a',=1373.1, 5, =-7953.4;

3)Sources M; — x = -38.496 m, y = 0.276427 m,
z = -1.03295 m, ¢ = 0.337585, ¢, = —3620.08,
a',=-11852.2,s,' =-3933.69;

4)Sources My — x = 241911 m, y = 0.203772 m,
z = 14617 m, ¢ = 169606, ¢’ = 847.093,
', =-14.0885, 5,' = 194.566.

Figure 2 shows the signatures of the original (solid
lines) and model (dashed lines) magnetic field components
of the magnetic field for the following coordinate values:
aA)Y=-20m,Z=19m;b) Y=0,Z=19m; c) Y =20 m,
Z =19 m; d) magnetic field induction modules. As seen in
these figures, the signatures of the original and model
magnetic fields practically coincide, which confirms the
adequacy of the designed multyspheroidal model to the real
signatures of the magnetic field.

One of the main technical requirements for the
signature of ships and submarines is the limitation of the
induction module of the magnetic field signature to the
control depth. Technically, it is easiest to compensate for
the initial magnetic field wusing local dipole-type
compensators. Let us consider the reduction of the original
magnetic field based on the designed multyspheroidal
magnetic field model using compensating dipoles.

As a result of solving the control geometric inverse
problem of magnetostatics, the spatial location
coordinates and values of the magnetic moments of
5 compensating dipoles were calculated
{x1, ..., xs} — {~13.4224, -38.4723, 38.3674, 29.2921,
11.2709} m;

{1, - ysp — {0.557271, 0.2328, —0.886435, —5.39425,
0.341033} m;

{z1, ..., zs} — {0.37837, —1.00586, 0.809621, —1.51659,
0.0348981} m;

My, ..., M5} — {1026.93, 136.8, 330.364, 99.726,
468.882} A'm’;

{M,y, ..., Mys} — { —48.7259, 900.474, 77.9282, -58.4812,
263114} Am’;

{M,, ..., M5} — {263.642, 293.553, 135.072, 56.0585,
268.282} A’

Another technical requirement for the signature of
ships and submarines is to limit the amount of change in
the horizontal component of the magnetic field at a
control depth over a certain period of time when passing a
technical object at a given speed.

Y=-20m

Bx, By, Bz, nT

a IBLNT

'.? y=0m,z=19m

I
)
=-20m,z=19m | — Y=-20m, Z=19 m
y ' f /

' ) y=0m,z=19m Y=0,Z=19m
v A Y
ANy oy} ” Y=20m, Z=19m
Voo syFEY20m, z=19m
! Vo e Y=-20m, Z=19 m
!
! “‘ ..... Y=0,Z=19 m
!
N\ /L L\ Y=20m, Z=19m
J Y4 L ¥=20m,z=19m
_____ o \‘J\y =20m, z=19m e, d
-100 50 50 100 " )

Fig. 2. Signatures of the original (solid lines) and model
(dashed lines) magnetic field

Let us now consider the solution of the geometric
inverse problem of magnetostatics based on the location
of 5 compensation dipoles when introducing into the
objective function, in addition to the magnetic field
induction modules, also horizontal components at the
control depth.

As a result of solving the control geometric inverse
problem of magnetostatics, the spatial location
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coordinates and values of the magnetic moments of
5 compensating dipoles were calculated

{x1, ..., xs} — {11.081, —13.3971, 26.2429, 38.3417,
—38.5133} m;
{1, . ¥sp — {0.148509, 0.547627, -9.81257, —0.832418,
0.288649} m;
{z1, ..., z5} — {0.0697367, 0.302065, —2.47162, 0.512463,
—1.01949} m;
{My, ..., M} — {469.602, 1040.86, 84.7869, 347.086,

138.088} A'm’;

My, ..., Mysp — {-37.4432, -50.1551, —22.2874,
59.2771,904.151} A'm?;

{M,, ..., M} — {252.922, 269.704, 30.4981, 164.38,
298.216} A'm’.

Figure 3 shows the signatures of the modules: a) the
initial and resulting magnetic field compensated using
5 dipole sources; b) taking into account only the module;
¢) taking into account the horizontal component of the
resulting magnetic field at the control depth. The signatures
are given for the following coordinate values: a) ¥ =-20 m,
Z=19m;b)Y=0,Z=19m;c) Y=20m, Z=19 m.

Bl nT

=0m,z=19m
15/3’ h

\
10}

y=-20m,z=19m

— ¥=-20m, Z=19m
Y=0,Z=19m
— Y=20m, Z=19m

y=20m,z=19m . a)
-100 -50 50 100 ~
o042 |BLNT
y=0m,z=19m
y==20m,z=19m 0.10 /
y=20m,z=19m
0.08 — Y=-20m, Z=19m
Y=0,Z=19m

— Y=20m, Z=19m

b)

-100 -50 50 100

B, nT
Bln y=0m,z=19m
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]yf:—ZDm.z:‘Iiirrri"15 y=20m,z=19m
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Fig. 3. Signatures of the modules of the initial and resulting
magnetic fields

From a comparison of the signatures of the induction
modules of the original magnetic field shown in Fig. 3,a
and the resulting magnetic field shown in Fig. 3,b, it
follows that with the help of 5 compensation dipoles it
was possible to reduce the induction modulus of the
original magnetic field by almost 100 times. Taking into
account the horizontal component leads to a certain
increase in the modulus of the resulting field, as follows
from a comparison of Fig. 3,b and Fig. 3,c.

Figure 4 shows the signatures of the horizontal
components of the induction of: @) the initial and resulting

magnetic field using 5 compensating dipoles; b) taking
into account only the module; ¢) taking into account the
horizontal component of the resulting magnetic field at

the control depth.
By, nT

y=-20m,z=19m L

y=20m,z=19m

— Y=-20m, Z=19 m
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— ¥Y=20m, Z=19 m
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y=20m,z=19m c)
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Fig. 4. Signatures of the horizontal components of the initial and
resulting magnetic fields

From a comparison of these signatures it follows that
with the help of 5 compensation dipoles it was also
possible to reduce the horizontal component of the
induction of the original magnetic field by almost 100
times. Moreover, taking into account the horizontal
component of the magnetic field leads to an additional
reduction in the horizontal component of the resulting field
by approximately 1.5 times, as follows from a comparison
of Fig. 4,b and Fig. 4,c.

Figure 5 shows the signatures of the longitudinal
components of the induction of: @) the initial and resulting
magnetic field using 5 compensating dipoles; b) taking
into account only the module; ¢) taking into account the
horizontal component of the resulting magnetic field at
the control depth.

From a comparison of the signatures of the
longitudinal components of the induction of the original
magnetic field, shown in Fig. 5, and the resulting
magnetic field shown in Fig. 5,b, it follows that with the
help of 5 compensation dipoles it was possible to
simultaneously reduce the longitudinal components of the
induction of the original magnetic field by almost 200
times. However, taking into account the horizontal
component in the optimization criterion leads to an
increase in the longitudinal components of the induction
of the resulting field by more than two times, as follows
from a comparison of Fig. 5,6 and Fig. 5,c.
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Fig. 5. Signatures of the longitudinal components of the initial
and resulting magnetic fields

Figure 6 shows the signatures of the vertical
components of induction: a) of the initial and resulting
magnetic field using 5 compensating dipoles; ») when
taking into account only the module; ¢) when taking into
account the horizontal component of the resulting

magnetic field at the control depth.
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Fig. 6. Signatures of the vertical components of the initial and
resulting magnetic fields

From a comparison of the signatures of the vertical
components of the induction of the original magnetic
field, shown in Fig. 6,a and the resulting magnetic field
shown in Fig. 6,b, it follows that with the help of
5 compensation dipoles it was possible to simultaneously
reduce the vertical components of the induction of the
original magnetic field by almost 50 times. However,
taking into account the horizontal component in the
optimization criterion leads to an increase in the vertical
components of the induction of the resulting field by more
than 1.5 times, as follows from a comparison of Fig. 6,b
and Fig. 6,c.

Thus, by minimizing the magnetic induction
modules, a decrease in the module of the resulting
magnetic field by more than 100 times is achieved, while
simultaneously reducing the magnetic induction
components of the resulting magnetic field, also by
approximately 100 times. When simultaneously taking
into account in the optimization criteria both the magnetic
induction modules and the values of the horizontal
components of the magnetic induction of the resulting
magnetic field, the value of the horizontal component of
the resulting magnetic field is additionally reduced by
1.5 times. However, in this case, the modules of the
resulting magnetic field, as well as the longitudinal and
vertical components of the magnetic field, increase by
approximately 1.5 times.

Conclusions.

1. For the first time the method for reduction of
magnetic field of uncertain extended technical objects
based on their multyspheroidal model and optimization of
parameters of compensating dipoles for compensate of
spheroidal harmonics of external magnetic field of
technical object. Unlike known methods, the developed
method makes it possible to increase the efficiency of
magnetic field reduction of uncertain extended technical
objects.

2. Parameters of compensating dipole magnetic field
sources calculated as magnetostatics geometric inverse
problems solution in the form of nonlinear minimax
optimization problem based on multyspheroidal model of
magnetic field of extended technical objects. Nonlinear
objective function calculated as the weighted sum of
squared of resulting magnetic field COMSOL
Multiphysics software package used. Nonlinear minimax
optimization problems solutions calculated based on
particle swarm nonlinear optimization algorithms

3. Based on the simulation results it is theoretically
shown the possibility to reduce by almost 100 times of
modulus of induction and horizontal component of the
induction of the original magnetic field of uncertain
extended technical objects based on optimization of
compensating magnetic dipoles spatial arrangement for
compensate of spheroidal harmonics of external magnetic
field of technical object using multyspheroidal model of
the magnetic field.

4.In the future it is planned to conduct experimental
studies of the effectiveness of reducing of magnetic field
of uncertain extended technical objects based on
developed method.
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