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Multispheroidal model of magnetic field of uncertain extended energy-saturated technical object

Problem. The implementation of strict requirements for magnetic silence of elongated energy-saturated technical objects — such as naval
vessel and submarines is largely determined by the adequacy of mathematical models to the signatures of a real magnetic field. Aim.
Simplification of mathematical modeling of the magnetic field of an uncertain extended energy-saturated object based on the
development and application of a multispheroidal model of its magnetic field instead of the well-known multidipole model. Methodology.
Coordinates of the geometric location and magnitudes of spatial extended spheroidal harmonics of spheroidal sources of
multispheroidal model of magnetic field calculated as magnetostatics geometric inverse problems solution in the form of nonlinear
minimax optimization problem based on near field measurements for prediction far extended technical objects magnetic field magnitude.
Nonlinear objective function calculated as the weighted sum of squared residuals between the measured and predicted magnetic field
COMSOL Multiphysics software package used. Nonlinear minimax optimization problems solutions calculated based on particle swarm
nonlinear optimization algorithms. Results. Results of prediction far magnetic field magnitude of extended technical objects based on
designed multispheroidal model of the magnetic field in the form of spatial prolate spheroidal harmonics in prolate spheroidal
coordinate system using near field measurements with consideration of extended technical objects magnetic characteristics uncertainty.
Originality. For the first time the method for design of multispheroidal model of magnetic field of uncertain extended energy-saturated
technical object based on magnetostatics geometric inverse problems solution and magnetic field spatial spheroidal harmonics
calculated in prolate spheroidal coordinate system taking into account of technical objects magnetic characteristics uncertainties
developed. Practical value. It is shown the possibility to reduce the number of spheroidal sources of the magnetic field for adequate
modeling of the real magnetic field based on the developed multispheroidal model compared to the number of well-known dipole sources
of the magnetic field in the multidipole model of the magnetic field. References 48, figures 4.

Key words: energy-saturated extended technical objects, magnetic field, multispheroidal model, magnetic silencing, extended
spheroidal coordinate system, spatial extended spheroidal harmonics.

Ilpobnema. Peanizayis sicopcmrux 6umoz ujo00 «MASHIMHOL MUiy 6UMAHYMUX eHeP2OHACUYEHUX MEXHIYHUX 00 €KMi6 — MaKux K
8ilICbKOBI KOpabni ma NiOBOOHI HOGHU, 3HAUHOK MIPOI BUBHAYAEMbCA AOEK8AMHICMIO MAMEMAMUYHUX MoOenell CUSHAMYPaM
DPeanbHo20 MAazHimno20 noas yux o6 ’exkmie. Mema. Cnpowjenns mamemamuino2o MOOen08aAHH MASHINHO20 NOJIA HEGUSHAUEHO20
6UO0BIICEHO20 eHePOHACUYeH020 00 €Kma Ha OCHOGI PO3pOOKU Ma 3ACMOCY8aHHA MYIbmuchepoioanshoi mooeni 1020 MazHimHo2o
noas 3amicmv 8i00Moi MyIbmuOunoIbHoi mooeni. Memodonozia. Koopounamu ceomempuynozco po3smauiy8aHHs ma 6eIuduHu
NPOCMOPOBUX BUMSCHYMUX CHePOIOHUX 2aAPMOHIK CpepoioanbHux oxcepel MyibmucgepoioaivHoi Mooeni MAasHimHo20 NOoAs
BUMACHYMUX MEXHIYHUX 00 €EKMIB PO3PAXOBAHI AK PO38 30K ODEPHEHUX 2COMEMPULHUX 3A0aY MASHIMOCMAMUKY 6 hopMi HeNiHIlHOT
3a0aui MIHIMAKCHOI onmumizayii Ha OCHO8I GUMIPIO8AHbL ONUNCHLO2O MNOAA 0Nl NPOSHO3VEAHHA GEIUYUHU MAZSHIMHO20 NOJA
BUMSHYMUX MeXHIYHUX 00 'exmie. Heninilina yinbosa yyHKyis po3paxoeana sk 36adceHa Cyma Keaopamie 3a1UuKie Midc 6UMIDIHUM
i NPOSHO308AHUM MASHIMHUM NOAeM 3 uKopucmauam npoepamuozo nakemy COMSOL Multiphysics. Po36é’sa3ku 3a0au HeniMiuHOi
MIHIMAKCHOI onmumiszayii po3paxoeami Ha OCHOGI aneopummie HeiHiliHOI onmumizayii poro yacmunok. Pesynomamu. Pe3ynomamu
NPOSHO3VEAHHA  GEIUYUHU  BIOOANEHO20 MASHIMHO20 NOMSL  GUMSACHYMUX MEXHIYHUX 00 €Kmié¢ HaA OCHO8L CNPOEKMOBAHOT
MYTbmuUc@epoioanbHoi Modeni MazHimHo2o NOiA 8 6U2NA0i NPOCMOPOBUX SUMACHYMUX CPePOiOANbHUX 2APMOHIK 6 SUMASHYMIll
cghepoioniii cucmemi KOOpOuHam 3 GUKOPUCMAHHAM BUMIPIOBAHb OIUNICHLO2O NOJA MA 3 8PAXYBAHHAM HEBUSHAYEHOCMI MAZHIMHUX
Xapakmepucmuk — GUMASHYMuUX  mexuiunux o0 ’ckmie.  Opuzinanpnicms. Bnepwe po3podneno  memoo  NpOeKmy8aHHs
MYTbmMUcPepoioanbHoi MoOeni MAsHIMHO20 NOJA HEBUSHAUEHO20 SUMACHYIMO20 €HEPZOHACUYEHO20 MEXHIUH020 00 €Kma Ha OCHOBI
PO368 A3KY 2e0MEMPUUHUX 0DepHeHUX 3a0ay MAZHIMOCMAMUKY ma 004UCIeHHs NPOCHOPOBUX CHepoiOanbHUX 2APMONIK MASHIMHO20
nonsa 6 umsacHymill cghepoianvuiil cucmemi KOOpOUHAM 3 8PAXYBAHHAM HEGUZHAYEHOCII MACHIMHUX XAPAKMEPUCTNUK MEXHIYHO20
06’exma. Ilpakmuuna yinnicme. I[loxkazana MOJNCIUGICMb 3HUIICEHHS! KIIbKOCMI ChepoidanvHux Odcepesl MAcHImHO20 NoJs OJs
A0EKBAMHO20 MOOETIO8AHHA PEANbHO20 MAZHIMHO20 NOJA HA OCHO8I po3pobnenoi myrbmicghepoioanvhoi mooeni 8 NopieHAHHI i3
KibKICMIO OUnOIbHUX 0Jicepei MAsHIMHO20 oA 8 I0OMiIll MyTbmIOUNObHIL MoOdeni macHimnozo noas. biomn. 48, puc. 4.

Knrouosi cnosa: enepronacudeHi BUTATHYTI TeXHi4Hi 00’€KTH, MarHiTHe moJje, mMyJabTucgepoigaibHa MoAeIb, MATHITHA THIIA,
BHUTAITHYTa c(hepoigHa cucTeMa KOOPAMHAT, IPOCTOPOBi BUTATHYTI cdepoiiHi rapMOHiKH.

Introduction. Most mathematical models of the this case, the main share of the spacecraft’s magnetic field is

magnetic field of energy-saturated technical objects are
designed on the basis of multi-dipole models. Such
models are widely used to simulate the magnetic field of
spacecraft, naval vessel, submarines and other energy-
saturated technical objects [1-9]. The number of dipoles
in the mathematical model of the magnetic field is
determined by the required accuracy of modeling the
magnetic field of a real technical object can be 20 dipoles,
39 dipoles, or more dipoles [10—13].

For spacecraft, in addition to the magnitude of the
magnetic field at the installation point of the on-board
magnetometer, an important technical characteristic is also
the magnitude of the magnetic moment of the spacecraft.
Therefore, at the stage of design, production of elements and
testing of spacecraft, the magnitude of the magnetic moment
is compensated, so that the magnitude of the resulting
magnetic moment of the spacecraft becomes very small. In

generated not by dipoles, but by quadrupole, octupole and
higher harmonics, and the model of the spacecraft’s
magnetic field is taken in the form of a multipole model [14].

For extended energy-saturated technical objects, the
mathematical model of the magnetic field is most simply
considered not in a spherical or rectangular coordinate
system, but in an elongated spheroidal coordinate system.
Naturally, for such objects it is most appropriate to
consider the mathematical model of the magnetic field not
in the form of a multidipole model, but in the form of a
multispheroidal model of the magnetic field [15-18].

Due to the fact that the characteristics of the
magnetic field of a technical object are known
inaccurately and change during operation, when designing
a mathematical model of the magnetic field, it is
necessary to take into account the uncertainties of the
magnetic characteristics of the technical object [4].
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The goal of the work is simplification of
mathematical modeling of the magnetic field of an uncertain
extended energy-saturated object based on the development
and application of a multispheroidal model of its magnetic
field instead of the well-known multidipole model.

Problem statement. The external magnetic field of
an elongated energy-saturated technical object is generated
by engines, electric generators, electric motors, distribution
boards and many other consumers of electrical energy
[19-21]. Let’s consider the design of a multispheroidal
mathematical model that adequately describes the real
magnetic field of an elongated energy-saturated technical
object in an elongated spheroidal coordinate system
associated with the center of the technical object.

In contrast to the multi-dipole model, which is widely
used to model the external magnetic field of elongated
energy-saturated technical objects [1-13], we assume that at
the i points of an elongated energy-saturated technical object
with coordinates (x;, y; z) in the orthogonal system
coordinates associated with the center of the technical object
are located / sources of not a dipole, but a spheroidal
magnetic field sources [22, 23]. These / sources generate a
magnetic field at J measurement points with coordinates (x;,
¥, zj) in rectangular coordinate systems associated with the
center of the technical object.

The layout of spheroidal magnetic field sources at
points with the coordinates (x;, y;, z;) and measuring points
with the coordinates(x;, 3;, z;) in rectangular coordinate
systems associated with the center of the extended
energy-saturated technical object shown in Fig. 1.
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Fig. 1. The extended energy-saturated technical object

Then the components He;, 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 [18]:
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Here are the spherical coordinates &;, 7, ¢@; of
observation points of the space of a technical object with
coordinates (x;, y;, z) in rectangular coordinate systems
associated with the center of the technical object, from the
location points of spheroidal magnetic field sources with
coordinates (x;, y;, z;) in an orthogonal system coordinates
associated with the center of the technical object are
related by the relation
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where P} (5,-]), oni (ef,]) associated Legendre functions
of the first and second kind, respectively, with degree n

and order m; ¢, cjr, s» — constant coefficients
characterizing the amplitudes of external spheroidal
harmonics of the magnetic field.

Practical 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 [18]:

cos(¢;) - Hy; — sin(goy) “H ;

sm(gol]) Hy, ij +cos(@;) “H (3)
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Practical harmonic analysis in elongated spheroidal
coordinate system based on (1) or (3) requires the
calculation of associated Legendre polynomials of the

first P (.fy) and second Q) (§U) kind. Polynomials
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of the infinite series [18]
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Note that the calculation of the components Hy;, H,;,
H y; of the magnetic field in spheroidal coordinates &, 7,
@; using (1) or components H.;, H,, i H.; in the orthogonal
coordinate system (x; ), z) using (3) generated by

spheroidal sources of the magnetic field for given values of
parameters ¢; and spatial spheroidal harmonics cj;, sh; at

measurement points with coordinates (x;, ;, z;) is a direct
problem of magnetostatics for spheroidal magnetic field
sources [24-29].

Solution method. Let us introduce a vector X of the
required parameters, the components of which are the
coordinates (x;, y;, z;) of the location 7 of the sources of the
spheroidal magnetic field in the space of the technical
object, as well as the values of the parameters c¢; and

s™ of these I

spheroidal harmonics cj¢, sh:

spatial i >
spheroidal magnetic field sources [30-32].

Then, for a given vector X and for given vector G
the components He;, H,; H,; of the magnetic field in
spheroidal coordinates ¢&;, 77;, ¢; calculated based on (1)
and components H.;, H,; H.; in the orthogonal
coordinate system (x; );, z) generated by these [/
spheroidal sources of magnetic field at measurement

points with coordinates (x;, y;, z;) calculated based on (3).

Then, based on this calculated components H.;, H,;,
H.; of the magnetic field generated by each element / the
components H,;, H,;, H.; of magnetic field generated by all /
spheroidal sources of magnetic field at the measurement
points J calculated in the orthogonal coordinate system (x;,
¥, z;) associated with the center of the technical object.

In this case, the axes of orthogonal coordinate systems
of spheroidal magnetic field sources located in the space of
a technical object with coordinates (x;, y; z;) are taken
parallel to the orthogonal coordinate systems of magnetic
field measurement points with coordinates (x;, y;, z) and
parallel axes of orthogonal coordinate systems of the
magnetic field of a technical object with zero coordinates.

With this choice of arrangement of axes of orthogonal
coordinate systems, the values of the resulting magnetic
field components H,;, H,;, H_; at the measurement points are
calculated in the form of sums of the corresponding
magnetic field components H,; H,; H.; generated by
individual spheroidal magnetic field sources. Naturally, to
calculate based on (3) the components H.;, H,;, H.; in the
orthogonal coordinate system (x;, y;, z;) generated by these /
spheroidal sources of magnetic field at measurement points
with coordinates (x;, y;, z;) the components Hey;, H,;, H 7 of
the magnetic field in spheroidal coordinates &;, 7;, @; are
first calculated based on (1).
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A feature of energy-saturated extended technical
objects is the uncertainty of the magnetic characteristics
of their elements, as well as changes in their values in
different operating modes [33-38]. Let us introduce the
uncertainty vector G' of parameters of energy-saturated
extended technical object [41, 42].

Let us introduce a vector YAX, G) whose
components are the components of the calculated values
or components H,;, H,;, H,; in the orthogonal coordinate
system (x;, ¥, z;) of the magnetic field at J measurement
points with coordinates (x;, y;, z;).

Let us introduce a vector ¥),(G) whose components
are the measured values H,, H,;, H; in the orthogonal
coordinate system (x;, »;, z;) of the magnetic field at J
measurement points with coordinates (x;, y;, z;). Naturally,
these measurements depend on the vector G of
uncertainty parameters of the magnetic characteristics of
the technical object.

Let us introduce the residual vector E(X, G) of the
vector ¥y(G) of the measured magnetic field and the
vector YAX, G) of the magnetic field calculated
according to multispheroidal model (3)

E(X,G) =Yy (G)~Yc(X,G). (6)

The nonlinear vector objective function (6) obtained
based on (3) relative to the vector X of unknown required
parameters, the components of which are the coordinates
(xi, s, z;) of the location [ of the sources of the spheroidal
magnetic field in the space of the technical object, as well
as the values of the parameters c¢; and spatial spheroidal

harmonics ¢y, s, of these I spheroidal magnetic field

sources and uncertainty vector G of the parameters of the
magnetic characteristics of a technical object.

This approach is standard when constructing a robust
multispheroidal mathematical model of the magnetic field
of an elongated, energy-saturated technical object, when
the coordinates of the spatial location and the magnitude of
spatial spheroidal harmonics are found from the conditions
of minimizing the divergence vector between the vector of
the measured magnetic field and the vector of the predicted
one model of a magnetic field, but for the «worst» vector of
parameters, the uncertainties of the magnetic characteristics
of a technical object are found from the conditions of
maximizing the same vector of the residual of the vector of
the measured magnetic field and the vector of the magnetic
field predicted by multispheroidal model.

Note that the calculation of the desired coordinates
(x, vi, z;) of the spatial location 7 of spheroidal magnetic field
sources, as well as the desired values of parameters ¢; and

spatial spheroidal harmonics cj;, spi
magnetic field sources and the uncertainty vector G of the
parameters of the magnetic characteristics of a technical
object is geometric the inverse problem of magnetostatics for
spheroidal magnetic field sources. Based on the obtained
spheroidal model (3), it is possible to calculate and predict
the magnitude of the magnetic field at any point in the far
zone of a technical object and, therefore, prediction problem
of the magnetic field of technical object solved.

In the course of solving this geometric inverse
problem (6) of magnetostatics for a spheroidal magnetic
field model, it is necessary to repeatedly solve the direct
problem (3) when iteratively calculating the values of the
desired coordinates desired coordinates (x; y;, z;) of the
spatial location / of spheroidal magnetic field sources, as

of these spheroidal

well as the desired values of parameters c¢; and spatial

spheroidal harmonics cjy;, sy; of these spheroidal magnetic
field sources and the uncertainty vector G of the parameters
of the magnetic characteristics of a technical object.

The components of the vector game (6) are
nonlinear functions of the vector X of required parameters
and the vector G of uncertainty parameters of the
geometric inverse problem of magnetostatics of predicting
the magnetic field of a technical object, taking into
account the uncertainties of the direct problem and
calculated using COMSOL Multiphysical software.

When solving the geometric inverse problem of
magnetostatics of predicting the magnetic field of
technical objects, taking into account the uncertainties of
the direct problem, a worst-case design approach is used
to make the multi-spheroidal magnetic field model robust.
In these cases, solving the inverse geometric forecasting
problem comes down to solving a game in which the
vector X of the required parameters — the first player
minimizes the game payoff (6), but the vector G of
uncertainties of the direct problem — the second player
tries to maximize the same game payoff (6).

A feature of the considered problem of vector
minimax optimization is the multi-extremal nature of the
game payoff (6), so that the considered region of possible
solutions contains local minima and maxima. Therefore,
to calculate the solution to the vector game under
consideration, stochastic = multi-agent  optimization
algorithms are used [33-36].

The basic approach to multicriteria optimization is to
find a Pareto set that includes all solutions that are not
dominated by other solutions. To adapt the PSO method
in relation to the problem of finding Pareto optimal
solutions on the set of possible values of the vector
criterion, binary preference relations are used that
determine the Pareto dominance of individual solutions.

To calculate one global solution to the vector game
(6), individual swarms exchange information with each
other in the process of calculating optimal solutions to
local games. Information about the global optimum
obtained by particles from another swarm is used to
calculate the speed of movement of particles from another
swarm, which makes it possible to calculate all potential
Pareto-optimal solutions [37-40]. To increase the speed
of searching for a global solution, a nonlinear stochastic
multi-agent optimization algorithm has recently been
used, in which the movement of a swarm particle is
described by the following expressions

Vij(t +1)= leVij(f)Jr Cljrlj(t)H(plij(t)_glij(t)lyij(t)_
iy O e O (- (Ol (0 0]
”y’(”l): W2juij([)+C3jr3j([)H(p3ij([)_53y'(t)lzij(t)_
550 eu e pag - )]z 0)- 550
xU(t+1)= xy(t)+vy(t+l), glj(t+1): @J(t)+uy(t+l) , (9)
where x;(f), g;(f) and vi(?), uy(f) is the position and

velocity of i particle of j swarm. In (7) — (20) y;(?), z;(?)
and y (1), z,(t) — the best local and global positions of

(7

®)

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 global position y/(t) of
the i particle of j swarm are understood in the sense of
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the first player strategy x;(f) for minimum of component
of the vector payoff (6). 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 of the vector
payoff (6). Four independent random numbers 7,,(¢), r(?),
r3(f), r4(t) are in the range of [0, 1], which determine the
stochastic particle velocity components. Positive constants
¢y, ¢y and ¢y, ¢4 determine the cognitive and social
weights of the particle velocity components.

In random search, the motion of the particle is
carried out in the direction of the maximum growth of the
component of the objective function, found in the process
of random search. In general, this direction serves as an
estimate of the direction of the gradient in a random
search. Naturally, such an increment of the objective
function serves as an analogue of the first derivative — the
rate of change of the objective function.

To take these constraints into account when searching
for solutions special particle swarm optimization method for
constrained optimization problems used [43]. To take these
binary preference relations into account when searching for
solutions special evolutionary algorithms for multiobjective
optimizations used [44].

Simulation results. Let’s consider the design of a
mathematical model of an indefinite elongated energy-
saturated object. A many number of studies have been
devoted to measuring the actual signatures of the initial
magnetic field of naval vessel and submarines [45-48]. Let
us consider the initial data of the magnetic field of an
energy-saturated elongated technical object [8]. The initial
magnetic field generated by 16 dipoles located in the space
of a technical object with coordinates x =+39 m and £13 m
with y = £4 m and z = 3.5 m. These dipoles have different
values of the magnetic moment components M,, M, and M.
along the three axes of the rectangular coordinate system.
Magnetic field levels were calculated in the range from x =
—100 m to x = 100 m for three values y =0 and y = £20 m.
Thus, the three components of the magnetic field strength
were calculated at 303 points, so that the total number of
measurements was 909. In this case, the calculations were
carried out for values z=19 m.

Let us first consider the design of a mathematical
model of a magnetic field in the form of one ellipsoid
located in the center of a technical object, taking into
account three harmonics. At the same time, in the course
of solving the inverse problem of magnetostatics, the
following values of the parameter ¢ = 45.2148, and three
harmonics were calculated

) =975, ¢f =-0.784038, s} =—1.20929,

e) =-7.61817, ¢ =1.02379, ¢3 =-0.0247782,

sb =0.321446, s3 =0.0175008, i =2.30691,

¢} =-0.555912, ¢3 =0.00222368, c3 = 0.000110636,

sy =0.856451, s2 =—-0.0155754, s3 = 0.000037359.

In Fig. 2 shown signatures of projections of
inductions of the original magnetic field of a technical
object (solid lines) and models (dashed lines) for three
coordinate values: @) Y =-20m, Z=19m, b) Y =0 m,
Z=19m,c) Y=20m, Z= 19 m, d) induction modules of the
original and model magnetic field of the technical object.
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Fig. 2. Signatures of the original magnetic field and the model
in the form of a single spheroid

Let us now consider the design of a mathematical
model of a magnetic field in the form of three ellipsoids
located in the space of a technical object, taking into
account only the first spatial harmonics of these ellipsoids.

As a result of solving the geometric inverse problem of
magnetostatics, the coordinates of the spatial location and

values of the parameters ¢ and first harmonics c10 , cll , sll of

these three ellipsoids calculated. Source M| —x =-38.2288 m,
y = 0.23875 m, z = —0.898403 m, ¢ = 0.255598,

e =2150.98, ¢f =-20787.9, s]=-5998.98. Source M, —
x = 151439 m, y = 0851608 m, z = 3.27869 m,
c=0.288814, ¢! =-17081.5, c] =510.902, si=107.937.
Source M; —x=5.13809 m, y = 0.455979 m, z=—-0.342088 m,
¢=58.0619, ¢ =—1.63027, ¢l =0.0270398, si =—0.356172.

In Fig. 3 shown signatures of projections of
inductions of the original magnetic field of a technical
object (solid lines) and models (dashed lines) for three
coordinate values: @) Y =-20m, Z=19 m, b) Y =0 m,
Z=19m,¢c) Y=20m, Z= 19 m, d) induction modules of the
original and model magnetic field of the technical object.
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Fig. 3. Signatures of the initial magnetic field and the
multispheroidal model in three ellipsoids form

Thus, the multispheroidal model of the magnetic
field of an elongated technical object in the form of three
spheroids, in which only the first spatial harmonics were
taken into account. Describes the initial magnetic field
significantly more adequately compared to the single-
sphere model, even when taking into account three
harmonics, as shown in Fig. 3.

Let us now consider the design of a mathematical
model of a magnetic field in the form of four ellipsoids
located in the space of a technical object, taking into
account only the first spatial harmonics of these
ellipsoids. As a result of solving the geometric inverse
problem of magnetostatics, the coordinates of the spatial
location and values of the parameters ¢ and first harmonics

cf) , cll, sll of these four ellipsoids calculated.

1) Source M) — x = 24.1775 m, y = 0.203945 m,
z=144653m, c = 17.1245, ¢ =-840.073, ¢} =13.9223,
s1=-193.016.

2) Source M, — x = —13.2818 m, y = 0.498642 m,
z=0266331m, c=0232014, ¢ =-58875.5, ¢l =1373.1,

s{=-7953.4.

3) Source M; — x = —38.496 m, y = 0.276427 m,
z=-1.03295m, c = 0.337585, ¢{ =-3620.08, ¢} =—11852.2,

51 =-3933.69.
4) Source My — x = 24.1911 m, y = 0.203772 m,
z=14617 m, c = 169606, c{ = 847.093, ¢} =—14.0885,

51 =194.566.

In Fig. 4 shown signatures of projections of
inductions of the original magnetic field of a technical
object (solid lines) and models (dashed lines) for three
coordinate values: @) Y =-20m, Z=19 m, b) Y =0 m,
Z=19m,c) Y=20m, Z= 19 m, d) induction modules of the
original and model magnetic field of the technical object.
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Fig. 4. Signatures of the initial magnetic field and the
multispheroidal model in four ellipsoids form

Thus, the multispheroidal model of the magnetic
field of an elongated technical object in the form of four
spheroids, in which only the first spatial harmonics were
taken into account, almost accurately describes the
original magnetic field of the technical object, specified in
the form of 16 magnetic dipoles located in the space of
the technical object.
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Conclusions.

1. For the first time the method for design of
multispheroidal model of magnetic field of uncertain
extended energy-saturated technical object for
simplification of mathematical modeling of the magnetic
field of an uncertain extended energy-saturated object
instead of the well-known multidipole model. Design of
multispheroidal model based on magnetostatics geometric
inverse problems solution and magnetic field spatial
spheroidal harmonics calculated in prolate spheroidal
coordinate system taking into account of technical objects
magnetic characteristics uncertainties developed.

2. Coordinates of the geometric location and
magnitudes of spatial extended spheroidal harmonics of
spheroidal sources of multispheroidal model of magnetic
field calculated as magnetostatics geometric inverse
problems solution in the form of nonlinear minimax
optimization problem based on near field measurements
for prediction far extended technical objects magnetic
field magnitude. Nonlinear objective function calculated
as the weighted sum of squared residuals between the
measured and predicted magnetic field COMSOL
Multiphysics software package used. Nonlinear minimax
optimization problems solutions calculated based on
particle swarm nonlinear optimization algorithms.

3. Based on the developed multispheroidal model, the
signature of extended energy-saturated technical object
simulated. The initial magnetic field generated by 16
dipoles located in the space of the object. Using the
designed multispheroid model, the initial magnetic field
in the form of 4 spheroidal magnetic field sources
adequately approximated.

4.Based on the results of using the developed
multispheroidal model, it is shown the possibility to
reduce the number of spheroidal sources of the magnetic
field for adequate modeling of the real magnetic field
based on the developed multispheroidal model compared
to the number of dipole sources of the magnetic field in
the well-known multidipole model of the magnetic field
more than 4 times.
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