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Problem of microsatellite magnetic cleanliness (MMC) improving by magnetic field (MF) spatial harmonics compensa-
tion and magnetic characteristics uncertainty (MCU) sensitivity reducing considered. Prediction and control by uncer-
tain microsatellite MC design are geometric inverse magneto static problem (GIMSP) reduced to vector game solution.
Vector payoff calculated based on development method for analytical calculation of magnetostatic field induction of
spherical sources in the Cartesian coordinate system (CCS) using Wolfram Mathematica ® software. Both vector game
solution calculated based on particles multi-swarm optimization (PMSO) algorithms from Pareto optimal solutions tak-
ing into account binary preference relations. Prediction model and location of compensating units in spherical coordi-
nates as well as multipole harmonic coefficients of dipoles, quadrupoles and octupoles are calculated during prediction
and control of uncertain microsatellite MC. Results of MC improving for microsatellite «Sichy» family by compensation
of dipoles, quadrupoles and octupoles components of initial MF spatial harmonics and reducing sensitivity to MCU are
given. References 17, figures 2.

Keywords: microsatellite magnetic cleanliness, magnetic characteristics uncertainty, prediction and control, geometric
inverse magneto static problem, computer simulation.

Introduction. Ukraine is space power state [1, 2]. Satellites magnetic characteristics are subject to
strict requirements [3]. To meet these requirements all Ukrainian satellites undergo measurement and stan-
dardization of technical characteristics at magnetodynamic complex of Anatolii Pidhornyi Institute of Power
Machines And Systems (IPMS) of the National Academy of Sciences of Ukraine [4]. The requirements for
spacecraft MC are usually presented in restrictions form on total microsatellite magnetic moment (MMM)
and of the MF strength magnitude at on-board magnetometer installation point, which specified in following
regulatory documents and microsatellite design guidelines [1, 3].

Microsatellite MC solving problems accuracy ensuring largely calculated by microsatellite
model MF sources for prediction magnetic field mathematical model (MFMM) adequacy to actually meas-
ured microsatellite MF characteristics values in near zone. Microsatellite MFMM usually adopted in mag-
netic dipoles microsatellite set units form — multiple magnetic dipole models (MMDM) [5]. However feature
of microsatellite magnetic characteristics is rather small value of MMM units and, in general, of entire mi-
crosatellite. For «SICH» family spacecraft MF at on-board magnetometer installation point mainly generated
by «Potential» scientific equipment set. Contributions of quadrupole and octopole spherical harmonics be-
come close to 80 %, and dipole harmonic contributes less than 20 % of MF level [6]. Therefore, to improve
microsatellites MC necessary to take into account not only dipoles, but also quadrupoles, octupoles, etc.
MF model spatial characteristics [3, 6].
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GIMSP is a typical task of ensuring the microsatellites MC [5]. Moreover, GIMSP used to solve two
problems — prediction geometric inverse magneto static problem (PGIMSP) and control geometric inverse
magneto static problem (CGIMSP) [5]. First, to calculate microsatellites initial MFMM based on real meas-
urements in near zone, it is necessary to solve PGIMSP [5].

Then, based on PGIMSP solution it is necessary to calculate real microsatellite MF values in far zone
that required — total MMM value and MF value at on-board magnetometer location point.

If actual values of these microsatellite MF do not meet MC requirements, then it is necessary to per-
form work on initial MF compensation for which it is necessary to solve CGIMSP [5]. CGIMSP solution
calculated additional compensating MF sources locations and their MMM magnitude to compensate initial
microsatellite MF. As result of CGIMSP solution, it is necessary calculated such compensating MF sources
in microsatellite space, which compensated initial MF generated by microsatellite in far zone. In general
CGIMSP is compensation system design problem for microsatellite output MF — system of active shielding
of initial microsatellite MF in far zone.

In general terms GIMSP are incorrectly set tasks. Forward geometric magneto static problem
(FGMSP) calculates MF at given space point as consequence of generation of this MF used cause — MF
source located at space given point with given characteristics. When GIMSP solved — consequence is known
— MF at space given point. GIMSP solution calculated cause — MF source spatial location and its
characteristics. It is natural that FGMSP has unique solution. However, GIMSP solution may have several
solutions. To realize consequence —given initial MF, various reasons may required - different locations and
different characteristics of MF sources — causes that realized consequence — given MF at given space point.
Such ambiguity GIMSP solution especially characteristic when GIMSP solution calculated based on
optimization algorithms.

Microsatellites MFMM usually considered known accurately [1-6]. However, microsatellite units
magnetic characteristics significantly depend on microsatellite operating modes and change during operation.
Sources of such MCU are changes in microsatellite elements MMM values when microsatellite operating
modes changed. In particular, MMM change most during follows operation modes: polarized relays in "on" and
"off" positions, when battery in "charge" or "discharge" mode, during operation of high-frequency valves, elec-
tromagnets operation for opening hatches of astro sensors, etc. Antennas and radio frequency components used
latch springs, control valves, and other moving parts. From initial cycles of their design their MMC values
taken into account. In addition, entire technological branch of production of these parts involves monitoring
magnetic characteristics of their material and conducting (if necessary) its demagnetization procedure. All units
with magnetic drive (motors, linear motion converters, and all other mechanisms) require independent devel-
opment to ensure their MMC. In particular, MMM of MPS 8S3P battery installed on “Sich 2-1” microsatellite
changes within £0.17 4*m?, when discharge current changes from minus 8 4 to charge current 8 4. Naturally,
that this MMM must be pre-compensated with active compensation system as battery charge-discharge current
function to ensure specified battery MMM level of £ (0.3+6.2)¥10° A*m’.

Note that for such microsatellite, taking into account MCU of their magnetic characteristics, termi-
nology «uncertain microsatellite magnetic cleanliness» widely used [7—14]. Term "uncertain microsatellite
magnetic cleanliness" denotes initial microsatellite MCU and their change during different operating modes
microsatellite operation. According to latest standards of European Space Agency ECSS-E-HB-20-07A dur-
ing space equipment testing, it is necessary to take into account test conditions, input data tolerances and
measurements uncertainty [3]. Therefore designed system for controlling microsatellite MC must be robust
to changes in parameters and possibly structure of microsatellite MFMM [15, 16].

In uncertainty conditions of microsatellite magnetic characteristics, when robust multispheroidal
MFMM designed standard approach calculation of spatial location coordinates and spatial harmonics magni-
tude based on conditions of minimizing vector discrepancy between measured MF vector and predicted
MFMM vector. However MCU vector calculated for "worst case"” MMC from conditions of maximization
same vector of discrepancy between measured MF vector and MFMM predicted vector [16]. This approach is
standard for ensuring robustness of microsatellite MFMM design relative to microsatellite MCU [14].

Such GIMSP solution under uncertainty conditions is vector game solution [16]. To calculate such
games solution Particle Swarm Optimization" (PSO) algorithm is used, which simulates social behavior of
solution individuals in flock, and has higher speed of convergence to optimum [17]. Basic approach to vector
game solution Pareto set calculation includes all solutions and that are not dominated by other solutions. To
adapt PSO algorithm to Pareto-optimal solutions calculation for possible vector gain values set binary pref-
erence relations used that individual solutions Pareto-dominance determined [16].
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The goal of this work is developed the method for prediction and control by microsatellite MC tak-
ing into account the uncertainties of microsatellite magnetic characteristics based on prediction geometric in-
verse magneto static problem and control geometric inverse magneto static problem solutions for calculation
and compensation MF spatial spherical harmonics in order to improve uncertain microsatellite MC by com-
pensation initial MF spatial harmonics and for reduced sensitivity to magnetic characteristics uncertainty.

Definition of FGMSP. Microsatellites MC problem solution success largely determined external mi-
crosatellites MFMM adequacy to microsatellites MF real values measurements in near zone [2, 3]. MF point
sources most widely common approach. In this case MFMM described in spherical coordinate system (SCS).
Microsatellites MFMM often adopted in MMDM form [5]. Parameters of this dipoles and their location coor-
dinates in microsatellites space calculated in PGIMSP solution from condition of minimizing error between
measured and MFMM predicted values of external MF at measurement microsatellites space points. On mag-
netodynamic stands microsatellites MF usually measured in Cartesian coordinate systems (CCS) related to mi-
crosatellites center. In microsatellites MMDM dipole sources positions also calculated in CCS related to mi-
crosatellites center. In addition, on magnetodynamic stands microsatellites electrical equipment component
units MF often measured in CCS related to of these component units center of electrical equipment.

However, MFMM of these microsatellites component units calculated in SCS associated with these
MF sources centers. In classical works on electrodynamics [5] Laplace equation solutions for MF scalar po-
tential in SCS known [5]. This Laplace equation solution in SCS for outside region sphere »>R, calculated in
form [2]:

U= : i nl+1 Zn:(g;n cosm+h,' Sinm(p)an (COSO), (1)

En 17 m=0
where P"(cosf) Legendre polynomials are associated with first kind of degree n and order m; r, 0, @ are the

spherical coordinates of observation point; g, and A, are the multipole harmonic coefficients in SCS.

It is not scalar potential that practically important, but MF strength projections. Microsatellite overall
dimensions in different directions approximately same MF strength of elements and entire microsatellite
MFMM calculated based on Laplace equation solutions for scalar magnetic field potential (1) in spherical
spatial harmonics (SSH) strengths sum form with corresponding multipole coefficients:

H, = ii—n:} {g,:” cosmo+ h" sinm(p} -P" (cos0), )
n=1 m=0 r
A ol oI SNV mo dP" (cos0)
H,= —;mz:;)rm {gn cosm@+h sin m(p}—d9 , (3)
NN s o P (cos0)
H¢ - ;mzo y? {g” sinme -1, cOSM(P} sin@ )

Spatial harmonic analysis application based on MF harmonic composition study. This application re-
sult transition from MF measured values to MF integral characteristics namely harmonics multipole coeffi-
cients. Then MF calculated based on obtained multipole coefficients values in entire region. Description ac-
curacy depends both on calculated multipole coefficients accuracy and on spatial harmonics number used
source function expansion. This FGMSP microsatellite MF calculated using expressions (2) — (4) based on
known MF sources coordinates and MF multipole coefficients values of these sources.

In modern works, for example, related to microsatellites MC [6—13] based on Laplace equation solu-
tions for scalar potential for outside MF source analytical equations for magnetic induction projections in
SCS obtained [6]. Moreover, these equations obtained only for several first spherical harmonics (up to 4) and
for these equations associated Legendre polynomials written out by obtaining rather cumbersome equa-
tions [6]. However, to date there is no generalization of formula for case of n-harmonic. Additional it is often
necessary to work in CCS [14] and in addition to transform coordinates from CCS to SCS, and then magnetic
induction projections calculated from SCS to CCS.

Therefore, consider method for simplification of mathematical modeling of uncertain microsatellites
MF based on analytical calculation of MF induction of spherical MF sources in CCS. Consider analytical
equations for magnetic induction projections using spherical harmonics. We obtain equation for B,:
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Similarly, we obtain equations for B,, B. (note in case of B. since (p; =0 first term in curly brackets
is zero
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It is quite simple to MF created by several, for example N}, spheroidal MF sources with coordinates
Xi, Vi, z; relative to microsatellites center {xo, yo, zo}={0, 0, 0} and several, for example »,, spherical MF
sources that compensate for MF in given area, with coordinates x;, y;, z; relative to microsatellites center. For
this used superposition principle and obtain, for example, for x-projection

Ny N,
B,:esuh (xP’yP’ZP) = ZBxi (xP — X Vp —VisZp _Zi)+sz/ (xp —XYp—Y;sZp _Z_/) s )]
=] =

where B, calculated by equation (8) with its parameters & ,rl" and h,'and B, calculated by equation (12)

with its parameters g,; , /,; . The same is true for other projections.

Thus, based on superposition principle, it is possible calculated MF at an arbitrary point in region out-
side spherical sources using equations (5) — (7). The advantage of these formulas over known ones [6] is: 1)
magnetic induction projections in CCS explicitly written due to taking direct derivatives with respect to CCS
coordinates; 2) their generalization to n-harmonic case; 3) there is no need to transform from one coordinate
system to another, which is especially important in case of MF calculated from several spherical and sources; 4)
equations relative compactness. Correctness of equations (5) — (7) confirmed by comparison with results calcu-
lated numerical partial derivatives with respect to coordinates x, y, z. Another check made using COMSOL®
modeling by ellipsoid MF of revolution. COMSOL® model has ability to specify direction of ellipsoid mag-
netization, which made it possible to check correctness of equations (5) — (7) for first harmonics case.
Most microsatellite units MF sources are point type MF sources MFMM of which calculated in
SCS. However number of microsatellite MF sources have extended shapes, for example electrical energy
distributors. Initial MFMM of such extended MF sources are calculated in prolate elongated spheroidal
coordinate system. For calculated MFMM of such extended MF sources in CCS it is necessary to obtain new
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equations for magnetic induction projections in CCS similar to (5) — (8). Magnetic induction projections in
CCS are calculated based on analytical calculation of MF induction of extended MF sources in prolate
elongated spheroidal coordinate system.

Definition of PGIMSP. To ensure MMC it is necessary solved two inverse problems: PGIMSP and
CGIMSP. First, consider definition of PGIMSP microsatellites MC. For measured MF values generated by
microsatellites it is necessary calculated MF sources geometric coordinates location in microsatellites space
in such a way that these sources generate MF with magnitude at measurement points in microsatellites near
zone is equal to experimentally measured MF values on magnetodynamic stand. Naturally, this is GIMSP
[5]. As result of PGIMSP solution, it is necessary calculated such MF sources in microsatellites space, which
generated real MF in microsatellites near zone. PGIMSP solution is approximating problem of original MF
in predictive MFMM form and therefore PGIMSP solution is MFMM designing and identifying problem
based on experimental measurements.

Microsatellites prediction MFMM as a result of PGIMSP solution are calculated based on measured
MF in near zone. But then this prediction MFMM used for calculated MF in far zone. For MMC control this
prediction MFMM used for calculated microsatellites initial MMM and magnetic induction level at on-board
magnetometer installation point.

In contrast to [1, 2] consider microsatellite units magnetic characteristics uncertainty vector G in
various operation modes. Also we consider microsatellite MF MM generated not only by dipoles, but also by
quadrupoles and octupoles of microsatellite units.

Consider PGIMSP required parameters vector X p Wwith spherical coordinates r,, ¢, and 0, of model
units location in microsatellite space as well as multipole harmonic coefficients values of dipoles g (G),
gn(G), hy(G), quadrupoles g1,(G), h,,(G), h7(G) and octupoles g,5(G), gi(G), g35(G), h,3(G),
hé(é), h,%(é) of these units. Then vector fc (X P,é) with magnetic field predicted values at near field
given points calculated based on (1)—(3). Consider vector E(X,,G) with difference between vec-

tor I7C ()? P,é) calculated based on (1) — (3) and microsatellite MF measured values vector Y v (G) at near
field given points

E(Xp,G) =Yy (G)-Y . (Xp,G). 9)

Then PGIMSP solution reduced to game E(X P @) solution calculated by minimizing payoff vector

on required parameters vector X , , but maximizing same payoff vector on uncertainties vector G .

Note that PGIMSP solution is ambiguous. Microsatellite units MMC measured during their manufac-
ture and strictly regulated. Their location coordinates in microsatellite space are also precisely known. There-
fore, for microsatellite units MMC given values and for their location given coordinates in microsatellite
space FGMSP is solved and microsatellite MF magnitudes in near zone are calculated. Based on these MF
values calculated in microsatellite near zone PGIMSP is solved. Naturally magnetic characteristics of mi-
crosatellite MF model sources and their microsatellite space location coordinates calculated during PGIMSP
solution is not correspond to microsatellite real unit’s magnetic characteristics. Model MF sources location
coordinates in microsatellite space will also not be correspond to the real units location coordinates in mi-
crosatellite space. However, such correspondence between real units and model MF sources not required.
Based on PGIMSP solution it is necessary to calculate only MF magnitudes in microsatellite near zone cor-
responding to MF actual values in near zone.

In addition, usually MF values in microsatellite near zone calculated based on FGMSP solution do
not correspond to real MF values experimentally measured on magnetodynamic stand. This discrepancy is
primarily due to mutual influence of magnetic fields of individual microsatellite units on each other. In addi-
tion, during microsatellite design individual satellite units, for example, electromagnetic relays, high-
frequency valves, are arranged in this way that these units MMM directed oppositely to each other and initial
individual units MMM compensated. Moreover, such individual units MMM compensation leads to quadru-
pole, octupole and higher order MF sources appearance.

Therefore reality PGIMSP solved based not on MF values in microsatellite near zone calculated dur-
ing solving FGMSP, but based on experimentally measured microsatellite MF values on magnetic measuring
stand. In addition, when PGIMSP solving based on experimentally measured MF values, task is to simplify
MFMM by reducing of model MF sources number. Naturally, in this case, there can be no question of any
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correspondence between of real microsatellite units magnetic characteristics and model MF sources, as well
as spatial location coordinates of microsatellite units and model MF sources.

Definition of CGIMSP. Consider definition of CGIMSP microsatellites MC [5]. It consists in fact,
that for calculated values of MMM and for magnetic induction level at on-board magnetometer installation
point, it is necessary calculated compensating MF sources MMM and their spatial location geometric coordi-
nates in microsatellites space in such a way that these MF sources generate such compensating MF that mi-
crosatellites resulting MMM values and resulting MF magnetic induction level at on-board magnetometer in-
stallation point meet microsatellites MC requirements. This is also GIMSP. As CGIMSP solution result it is
necessary to find such compensating MF sources in microsatellites space, which generated compensating MF
in outer microsatellites space. In fact, CGIMSP is compensation system design problem for microsatellites
output MF — system of active shielding of microsatellites own MF.

Unlike [1, 2] to improve microsatellite MC introduced compensating units, consisting not only of
compensating dipoles, but also of compensating quadrupoles and compensating octupoles generated com-

pensating MF opposite initial microsatellite MF. Consider required parameters vector X ¢ of this CGIMSP
with spherical coordinates ., ¢. and 6. of compensating units location in microsatellite space as well as mul-
tipole harmonic coefficients values of dipoles g2, g, /¢, quadrupoles g, gty, €& hevy» he, and oc-

tupoles gos, gbs, g23, gdsy, his, h2s, hs of these compensating units . Then, based on (1) — (3) calcu-

lated vector EC ()? c»G) with compensating MF predicted values at near field given points. Consider vector

ER ()? C,é) with sum vector EC ()? ¢»G) compensating MF calculated based on (1) — (3) and microsatellite
initial MF vector B (é) calculated as PGIMSP solution

By(X¢,Go)=B(Ge)+Bo(X,). (10)

Then CGIMSP solution for uncertain microsatellite MC reduced to game B, (X ,G) solution calcu-

lated by minimizing payoff vector on required parameters vector X ¢ of compensating units, but maximizing

same payoff vector on uncertainties vector G. .

Naturally CGIMSP solution is also controversial. Apparently most effective compensation of mi-
crosatellite initial MF can be achieved by compensating MF sources locating in model MF sources locations
calculated during PGIMSP solution. However in practice, attempts are made to reduced compensating MF
sources number. In this case, naturally there can be no question of any correspondence between CGIMSP
and PGIMSP solutions.

In addition, to simplify technical implementation, permanent magnets usually used as microsatellite
compensating MF sources. Electromagnets used potentially makes it possible MMC increased by units mag-
netic characteristics compensated for microsatellite different modes operation changed.

Solution method. Initial expansion coefficients values for spherical harmonics for PGIMSP solution
and for CGIMSP solution calculated as GIMSP solution taking into account these real uncertainties of char-
acteristics of microsatellite MC. Moreover, GIMSP solutions based on conditions of minimization of devia-
tion vector of experimentally measured microsatellites MF values relative to calculated values of magnetic
induction based on designed microsatellites MFMM, but at the same time on conditions of maximization
same vector of deviations relative to microsatellites MC uncertainties vector. This approach is standard for
ensuring robustness of designed microsatellites MMMF relative to uncertainties vector of microsatellites
magnetic characteristics [16]. Both PGIMSP and CGIMSP for uncertain microsatellite MC reduced to vector
game solutions minimized on initial parameters vector, including spherical coordinates and dipole, quadru-
pole and octopole harmonics of initial or compensating units but maximized on uncertainty vector of mi-
crosatellite magnetic characteristics. Both game vector payoff calculated based on Laplace equation solutions
of scalar microsatellite magnetic field potential (2) — (4) using Wolfram Mathematica ® software. Both vec-
tor games calculated from Pareto optimal solutions taking into account binary preference relations based on
multiswarm stochastic multiagent optimization algorithms [7].

To solve vector game solutions stochastic multi-agent optimization algorithm used. Based on set of
particles swarms, the number of which equal number of components of payoff vector game. In the standard
particle swarm optimization (PSO) algorithm particle velocities change according to linear laws. In order to
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increase speed of global solution finding, special nonlinear algorithms of stochastic multi-agent optimization
used, in which movement of particle i of swarm j described by following expressions

(t + 1) WiV (t)"' cl,”l,( )H(plij(t) - gnj(t))lyij(t)_ xij(t)J+ chr2j(t)H(p2ij(t) -
— &, (¢ )[y] ,,(f)] (11)
“ij(H‘l) W, iU, (t)+c3j”3/() (Pay(f) 83y lZz )_6y J
"+c4jr4j() (P4y(t) 84,]()1 ( ) (t)] ’
xij(t+l): y() ij(t+1)’ gy(t+1):5;j() ij(t+l)a (13)

where position x;(¢) and velocity v;(#) particle i swarm j calculated required parameters variables vectors X »

(12)

and X ¢ when minimizing payoff vector games (9) — (10), position g;(¢) and velocity u;(¢) particle i swarm j

calculated required parameters variables vectors G and Gc when maximizing payoff same vector
games (9) — (10).

Optimization problems of scalar game solution, which are components of vector game payoff solved
with individual swarms help. In order to find global vector game solution, individual swarms exchange in-
formation among themselves during calculated optimal solutions of local criteria. Information about global
optimum obtained by particles of another swarm used to calculate movement velocities of particles of one
swarm, which allows all potential Pareto-optimal solutions identified. For this purpose, at each step of
movement of particle i of swarm j preference relationship functions of local solutions advantages used. In

fact, this approach implements main idea of successively narrowing method trade-offs — from area initial set
of possible solutions, based on information about relative importance of local solutions, all Pareto-optimal
solutions cannot chosen according to available information about advantages of attitudes successively re-
moved. Deletion carried out until globally optimal solution obtained. As a result of this approach, no poten-
tially optimal solution will be removed at each narrowing step.

Simulation results. Basis of metrological support for determination in multi-magnetodipole format of
magnetic characteristics of microsatellite units is work performed on specialized magnetic measuring stands.
Main provisions of work organization for microsatellite magnetic characteristics reducing implemented by such
leading developers of NASA, ESA, etc. space industry. IPMS has powerful specialized experimental base
"Magnetodynamic Complex", Fig. 1, included in list of scientific objects constituted national property of
Ukraine [4]. At IPMS magnetodynamic complex experi-
mental part of fundamental studies of various technical ob-
jects magnetism and their physical models (spacecraft,
ships, electric power equipment, building structures, pipe-
lines) carried out. Analysis of MF spatio-temporal struc-
ture of these objects performed (including an ultra-small
level with a self-induction lower than 10°® 7). At IPMS
stand experimental studies of developed methods and
means aimed at purposefully changing magnetic character-
istics of various technical objects carried out. Since 2003
magnetodynamic stand tested all orbital spacecraft
launched into Earth orbit in Ukraine, namely “Microsat”
(2003), “EgiptSat-1”(2007), “Sich-2 (2011), “Sich-2-
30" (2022).

Consider developed method used for prediction and control by uncertain microsatellite MC based on spa-
tial harmonic analysis for MF at LEMI-016 magnetometer installation point generated by KPNCP space plasma
sensor «Potential» scientific complex microsatellites «Sich» family [6] diagram of which shown in Fig. 2.

Microsatellite initial MF [6] spherical harmonic coefficients g{)= 4.1*%10°, g11= —8.4%107,

Fig. 1

hl1 =4.2%107, gg =1.411*107, gg =2.5%10"*. Dipole harmonic (magnetic moment field) relative contribu-

tion to initial MF less than 20 % and quadrupole and octupole spherical harmonics contribution to initial MF
about 80% [18]. CGIMSP solution calculated spherical coordinates of compensating unit spatial location 7, =

=0.0768617; @; = 0.163995; 6, = 3.90015, compensating quadrupole g5 = 0.0249959, g} = 0.981453,
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g3 = 0271729, h} = 0.62818, h? = 0.620474 and compensating octopole gi = 0.00160516,

gh =0.0282545, g7 =0.651052, g3 =-0.704719, h} =0.0031692, h3 =0.175824, h3 =—1.11672. Due to

compensating quadrupoles and octupoles installation possible microsatellite initial MF reduce by more than
hundred times.

Conclusions. For the first time
sensor the method for prediction and control by
KPNCSP microsatellite MC taking into account

the uncertainties of microsatellite mag-
netic characteristics based on prediction
geometric inverse magneto static prob-
lem and control geometric inverse mag-
magnetometer neto static problem solutions for calcula-
LEMI-016 tion and compensation MF spatial
spherical harmonics for improved uncer-
tain microsatellite MC by compensation
initial MF spatial harmonics and for re-
duced sensitivity to magnetic characteris-
Fig. 2 tics uncertainty developed.

The method for mathematical
modeling simplification of uncertain microsatellites MF based on analytical calculation of MF induction of
spherical MF sources in Cartesian coordinate systems developed.

Prediction and control problem by uncertain microsatellite MC are geometric inverse magneto
static problems. Microsatellite MF spatial spherical harmonics calculated based on Laplace equation solu-
tions for MF scalar potential using Wolfram Mathematica® software. Both prediction geometric inverse
magneto static problem and control geometric inverse magneto static problem solutions reduced to vector
game solution calculated based on particles multi-swarm optimization algorithms from Pareto optimal
solutions taking into account binary preference relations.

During prediction geometric inverse magneto static problem and control geometric inverse magneto
static problem solutions for uncertain microsatellite MC model MF sources and compensating spherical MF
sources spherical coordinates location and multipole harmonic coefficients of dipoles, quadrupoles and octu-
poles calculated.

Based on developed method MC of «Sich-2» microsatellite family generated by space plasma sensor
KPNCP at onboard magnetometer LEMI-016 installation point improved. Compensating dipole, quadrupole and
octupole reduced initial MF by more than hundred times.
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YK 621.3.01
MOKPAIIEHHS MATHITHOI YACTOTH MIKPOCYITYTHUKA I3 HEBUSHAUYEHOCTSMUA
HA OCHOBI KOMIIEHCANII MPOCTOPOBUX TAPMOHIK MATHITHOI'O IIOJIA
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Bcemyn. Poszensinymo eupiuienHs npooiemu NiQSUWEHHS MASHIMHOI YUCmMOomu MIKPOCYNYMHUKIE UWLIAXOM KOMNEeHcayii
NPOCMOPOBUX 2APMOHIK MASHIMHO20 NOAS MA 3MEHWEHHA YYMAUBOCMI 00 HeBU3HAYEHOCMI MASHIMHUX XaApaKmepucmux.
Mema. Po3pobxa memody npoeno3yeanus ma KOHMpPONo MASHIMHOT YUCMOmu MiKpOCYRYMHUKIG 13 HeBU3HAYEHOCTAMU, AKULL
€ 2e0MeMpUYHOIO 0OEPHEHOI NPOONEMOI0 MASHIMOCMAMUKYU MIKPOCYRYMHUKIS, DileHHA AKOI 36€0eHO 00 pO38 A3aHHS
6eKMOPHOL 2pu. Bekmopruil euepaul po3paxoeanuil Ha OCHOBI PO3POONIEHO20 MEMOOY AHANIMUYHO20 PO3PAXYHKY IHOVKYIL
MazHimocmamuuno20 noas cepudnux odxcepen y O0eKapmogiti cucmemi KOOpOUHam 3a OONOMO2010 HPOZPAMHOZ0
sabesneuennss Wolfram Mathematica ®. Memoodonozia. Ob6udsa piueHHs eKMOPHUX 120p PO3PAX08AHI HA OCHOBI
aneopummie onmumizayii 6azamvox poie uacmunok 3 Ilapemo-onmumanbHux piwienb 3 ypaxyeauHam OiHapHUX GIOHOCUM
nepesazu. Opucinanvuicme. I1i0 uac npoexkmyeamus npoeHo3y ma KOHMPOMO MAZHIMHOL YUCOMU MIKPOCYNYMHUKA 13
HEeBUSHAYEHOCMAMU PO3PAXOBAHO COEPUUHI KOOPOUHAMU HPOCMOPOBO20 PO3MAWLYEAHHA MOOENbHUX | KOMNEHCAYIHUX
MOOYNi6 ma MYIbMUNONLHE 2APMOHIUHI Koe@hiyienmu Ounonis, xeaopynonie ma okmynonie. Pesyasmamu. Haseoeno
pe3yrbmamu  Ni0GUWEHHA MAcHImHOI yucmomu Mikpocynymuukie cimeticmea «Ciuy wisaxom KoMHeHcayii OunonbHUXx,
K6AOPYNOALHUX MdA OKMYHOIbHUX CKIAOOBUX NPOCOPOGUX 2APMOHIK BUXIOHO20 MASHIMHO2O NOASL OAMYUKA KOCMIUHOY
naasmu KPNCP 6 mouyi ecmanosnenus 6opmosoeo macHimomempa LEMI-016 ma 3menwenns yymaueocmi 00
HesuzHayeHocmi macHimuux xapakmepucmux. biomn. 17, puc. 2.

Kniouogi cnoga: MarHiTHa 4UCTOTAa MIKPOCYNYTHHKA, HEBU3HAYEHICTh MArHITHUX XapaKTEPUCTHK, MPOTHO3YBaHHS Ta
KepyBaHH:, TeOMeTpu4Ha oOepHeHa 3aa4a MarHiTOCTaTHKN, KOMIT FOTepHE MOJCITIOBAHHSI.
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