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Method for prediction and control by uncertain microsatellite magnetic cleanliness based on 
calculation and compensation magnetic field spatial harmonics 
 

Aim. Development of method for prediction and control the microsatellite magnetic cleanliness taking into account the uncertainties of the 
magnetic characteristics of the microsatellite, based on calculation the magnetic field spatial spherical harmonics in the area of the onboard 
magnetometer installation and using compensating multipoles. Methodology. Spatial spherical harmonics of microsatellite magnetic field in 
the area of the onboard magnetometer installation calculated as solution of nonlinear minimax optimization problem based on near field 
measurements for prediction far spacecraft magnetic field magnitude. Nonlinear objective function calculated as the weighted sum of 
squared residuals between the measured and predicted magnetic field. Values of the compensating dipoles, quadrupoles and octupoles and 
coordinates of them placement inside the spaceship for compensation of the dipoles, quadrupoles and octupoles components of the 
microsatellite initial magnetic field also calculated as solution of nonlinear minimax optimization problem. Both solutions of this nonlinear 
minimax optimization problems calculated based on particle swarm nonlinear optimization algorithms. Results. Results of prediction 
spacecraft far magnetic field magnitude based on spacecraft spatial spherical harmonics of the magnetic field using near field measurements 
and compensation of the dipoles, quadrupoles and octupoles components of the initial magnetic field with consideration of spacecraft 
magnetic characteristics uncertainty for ensuring the microsatellite magnetic cleanliness. Originality. The method for prediction and control 
by spacecraft magnetic cleanliness based on calculation spatial spherical harmonics of the magnetic field in the area of the onboard 
magnetometer installation using compensation of the dipoles, quadrupoles and octupoles components of the initial magnetic field with 
consideration of magnetic characteristics uncertainty is developed. Practical value. The important practical problem of ensuring the 
magnetic cleanliness of the «Sich-2» microsatellite family based on the spatial spherical harmonics of the magnetic field model using the 
compensation of the dipole, quadrupole and octupole components of the output magnetic field of the sensor for the kinetic parameters of the 
neutral component of the space plasma at the point of installation of the on-board magnetometer LEMI-016 by setting the compensating 
dipole, quadrupole and octupole with consideration of spacecraft magnetic characteristics uncertainty solved. References 59, figures 2. 
Key words: microsatellite, magnetic cleanliness, magnetic field spatial spherical harmonics, prediction, control, 
measurements, uncertainty. 
 

Мета. Розробка методу прогнозування та управління магнітною чистотою мікросупутника на основі обчислення 
просторових сферичних гармонік магнітного поля в зоні встановлення бортового магнітометру з використанням 
компенсації сферичних гармонік вихідного магнітного поля та з урахуванням невизначеності магнітних характеристик. 
Методологія. Просторові сферичні гармоніки магнітного поля мікросупутника розраховані як рішення задачі нелінійної 
мінімаксної оптимізації на основі вимірювань ближнього магнітного поля для прогнозування величини дальнього 
магнітного поля. Нелінійна цільова функція обчислена в вигляді зваженої суми квадратів залишків між виміряним і 
прогнозованим магнітним полем. Величини компенсуючих диполів, квадруполів та октуполів та координати їх 
розташування в просторі мікросупутника для компенсації вихідного магнітного поля космічного апарату розраховані як 
рішення нелінійної задачі мінімаксної оптимізації. Рішення обох задач нелінійної мінімаксної оптимізації розраховані на 
основі алгоритмів нелінійної оптимізації роєм частинок. Результати. Результати прогнозування величини дальнього 
магнітного поля мікросупутника на основі обчислення просторових сферичних гармонік моделі магнітного поля в зоні 
встановлення бортового магнітометру з використанням вимірювань ближнього поля та компенсації дипольних, 
квадрупольних та октупольних компонент вихідного магнітного поля з урахуванням невизначеності магнітних 
характеристик для забезпечення магнітної чистоти мікросупутника. Оригінальність. Розроблено метод прогнозування 
та управління магнітною чистотою мікросупутника на основі обчислення просторових сферичних гармонік магнітного 
поля з використанням компенсації дипольних, квадрупольних та октупольних компонент вихідного магнітного поля та з 
урахуванням невизначеності магнітних характеристик. Практична цінність. Вирішено важливу практичну задачу 
забезпечення магнітної чистоти орбітального космічного апарату сімейства «Січ-2» на основі обчислення просторових 
сферичних гармонік моделі магнітного поля з використанням компенсації дипольних, квадрупольних та октупольних 
компонент вихідного магнітного поля датчика кінетичних параметрів нейтрального компонента космічної плазми в точці 
розташування бортового магнітометру LEMI-016 шляхом установки компенсуючих диполів, квадруполів та октуполів та з 
урахуванням невизначеності магнітних характеристик. Бібл. 59, рис. 2. 
Ключові слова: космічний апарат, магнітна чистота, просторові сферичні гармоніки магнітного поля, прогнозування, 
керування, вимірювання, невизначеність. 
 

Introduction. To model the satellites magnetic field 
the multi-dipole model is currently the most widely used 
[1 – 14]. On the basis of such a model, the magnetic moment 
satellite calculated and the magnetic field satellite calculated 
with sufficient accuracy for practice at a distance greater than 
three satellites dimensions. Such a model is quite adequate 
for satellites in which the onboard magnetometer is mounted 
on a sufficiently long rod. In particular, the length of the rod 
of the onboard magnetometer of the Danish «Oersted» 
satellite is 8 m [15]. On «MicroSAT» spacecraft with the 
«IonoSAT-Micro» instrumentation on-board magnetometer 
and three wave probes are fixed on the rods lengths are 2 m 
[16]. However, spacecraft designers are constantly striving to 
reduce the length of this rod. In particular, on the «Sich-2» 
family, «CubeSAT» spacecraft onboard magnetometer 
located inside the spacecraft [17, 18]. 

Figure 1 shows the location of the sensor of the 
kinetic parameters of the neutral component of the space 
plasma (KPNCSP) of the «Potential» scientific equipment 
complex and onboard magnetometer LEMI-016 on the 
«Sich-2» spacecraft [18].  

In particular, on the «Sich-2» spacecraft family 
onboard magnetometer LEMI-016 is located at a distance of 
0.35 m from the sensor KPNCSP [18]. The principle of 
operation of this sensor is based on the use of the force effect 
of a magnetic field on an electrically neutral component of 
space plasma. In this case, permanent magnets are used to 
create an internal magnetic field in the sensor. 

Therefore, the standard of the European Space 
Agency ECSS-E-20A limits the value of the magnetic 
field spacecraft units at a distance of 0.1 m from their 
surface [19]. Therefore, to model the magnetic field of 
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such satellites, it is necessary to use a multipole model 
based on spatial harmonics [20 – 26]. 

 

magnetometer 
LEMI-016 

 

sensor 
KPNCSP 

 
Fig. 1. Location of the sensor of the KPNCSP and onboard 

magnetometer LEMI-016 on the «Sich-2» spacecraft 
 

In addition, in the course of spacecraft assembly, to 
compensate for the satellite units magnetic moments, such 
a spatial arrangement of these units is often used so that 
the total magnetic moment would be equal to zero. To 
compensate for the spacecraft units magnetic moments, as 
well as to compensate for the residual magnetic moments 
of the entire spacecraft, compensating magnetic units are 
used. As a result of such measures, it is possible to reduce 
the magnitudes of the units magnetic moments and the 
entire spacecraft to sufficiently small values. However, as 
a result of these measures, quadrupole, octupole and 
harmonics of a higher order appear, so that the level of the 
magnetic field near the satellite surface determined 
mainly by quadrupole, octupole, etc. harmonics. 

In particular, in the practice of spacecraft designing 
to compensate for the dipole magnetic moments of 
electromagnetic relays, they are often installed in pairs 
next to each other, so that such a design becomes a 
quadrupole magnetic field source. To compensate for the 
dipole magnetic moments of high-frequency gate switch, 
they are often installed side by side in fours, six or even 
eight elements. This design becomes a quadrupole, 
octopole, and even higher order magnetic field source. 

To reduce the magnetic moment of the sensor of the 
neutral component of the plasma, which is part of the 
scientific equipment of the «Sich-2» spacecraft, an 
antisymmetric orientation of permanent magnets and a 
ferromagnetic screen are used. In this case [18], the 
magnetic moment of the sensor of the neutral component of 
the plasma generates only 20 % of the induction at the 
installation point of the onboard magnetometer LEMI-016, 
and the remaining 80 % of the induction generates by the a 
quadrupole and octupole – second and third spatial 
harmonics of the magnetic field of the sensor of the neutral 
component of the plasma. 

Therefore, for an adequate description of the 
magnetic field in the satellite near zone it is necessary to 
use a multipole model, including a quadrupole, octopole, 
and, possibly, a higher order model of the satellite’s 
magnetic field. The European Space Agency ECSS-E-
HB-20-07A also recommends using spherical harmonics 
as integral characteristics of the magnetic field to improve 
the satellites magnetic cleanliness [19]. 

In addition, the characteristics of the magnetic 
cleanliness of the spacecraft units change when their 
operating modes change and during the flight. Therefore, the 
European Space Agency recommends testing the units and 
the entire spacecraft in various modes of operation [19]. 

The aim of the work is to develop a method for 
prediction and control the microsatellite magnetic 
cleanliness taking into account the uncertainties of the 
magnetic characteristics of the microsatellite, based on 
calculation the magnetic field spatial spherical harmonics 
in the area of the onboard magnetometer installation and 
using compensating multipole. 

Model of spatial spherical harmonics 
microsatellite magnetic field. When design a 
mathematical model of the microsatellite magnetic field 
the Gauss equation for the scalar magnetic potential of the 
source in the surrounding space written in spherical 
coordinates r, φ and θ in the following form [2]:  

),cos()sin

cos(
1

4

1

1 0

1






m
n

m
n

n

n

m

m
n

n

Pmh

mg
r

U









  



 






      (1) 

where r is the radius of the sphere on which the potential 

is determined; m
ng , m

nh  – constant coefficients. 
Then from (1) the components Br, Bφ, Bθ of the 

magnetic field in the spherical coordinate system r, φ and 
θ associated with the geometric center of the 
microsatellite calculated (2). 

To ensure the microsatellite magnetic field 
cleanliness the European Space Agency ECSS-E-HB-20-
07A recommends [19] used spatial harmonics up to 
octupole harmonics as characteristics of the microsatellite 
magnetic field cleanliness. In addition to the 
microsatellite magnetic moment, which is characterized 

by three components 0
1g , 1

1g , 1
1h  in (1), it is necessary to 

determine five more coefficients 0
2g , 1

2g , 2
2g , 1

2h , 2
2h  

for the quadruple component and seven coefficients 0
3g , 

1
3g , 2

3g , 3
3g , 1

3h , 2
3h , 3

3h  octupole component of the 
magnetic field spherical harmonics: 
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Let us first consider the case when for all N units of 
the microsatellite at the preliminary testing stage of 

magnetic cleanliness, three quantities 0
1ng , 1

1ng , 1
1nh  of 

the dipole component, five quantities 0
2ng , 1

2ng , 2
2ng , 

1
2nh , 2

2nh  of the quadrupole component and seven 

quantities 0
3ng , 1

3ng , 2
3ng , 3

3ng , 1
3nh , 2

3nh , 3
3nh  of the 
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octupole component of spherical harmonics determined. 
Let us set the spherical coordinates rn, φn and θn the 
location of all N units of the microsatellite in the spherical 
coordinate system associated with the magnetic center of 
the microsatellite. 

Then the components Bkr, Bkφ, Bkθ of the magnetic field 
generated by all N units of the microsatellite at the point with 
coordinates rk, φk and θk in the spherical coordinate system 
associated with the geometric center of the microsatellite 
calculated taking into account the expression for Legendre 
polynomials up to the third term of series based on (2) [25]. 

Here the coordinates rkn and two angles φkn and θkn 
of points of calculation of the magnetic field generated by 
n microsatellite units in the spherical coordinate system 
associated with the geometric center of that N 
microsatellite units. 

Transferred coordinates rk, φk and θk of calculated 
point of components Bkr, Bkφ, Bkθ of the magnetic field in 
the spherical coordinate system associated with the 
geometric center of the microsatellite from the spherical 
coordinate system to the orthogonal system (6): 
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Transferred coordinates rn and two angles φn and θn 
location of all N units of the microsatellite from the 

spherical coordinate system in the orthogonal system for 
the orthogonal 
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Then the coordinates rkn, φkn and θkn of calculated 
point of components Bkr, Bkφ, Bkθ of the magnetic field in 
spherical coordinate system associated with the geometric 
center n unit of the microsatellite calculate 
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Microsatellite magnetic characteristics uncertain. 
The microsatellite has completed units in its composition, 
which must meet the magnetic cleanliness requirements. 
The solar cell is potentially one of the main sources of the 
microsatellite magnetic field currents. To reduce the 
magnetic field of solar batteries, the so-called «backwiring» 
technique of mounting their circuits with current is used, in 
which the return wire from each module of the battery 
elements is returned under the same module along its axis 
line, which allows you to effectively reduce the magnetic 
field of the solar battery in all modes of its work [1]. 

The characteristics of the magnetic field of the 
microsatellite units do not remain constant and change 
depending on the microsatellite operation mode and 
operating time. In particular, the initial magnetic moment of 
the 8S3P MPS battery «SICH-2-1»spacecraft with a change 
in the charge current from minus 8 A to the discharge 
current 8 A almost linearly changed from –0.17 Am2 to 
0.17 Am2. Besides, antennas and components use latch 
springs, control valves and other moving parts magnetic 
characteristics of which change under different operating 
modes of the microsatellite. 

All units with a magnetic drive (motors, linear 
motion converters and all other mechanisms) require 
independent development in terms of ensuring their 
magnetic cleanliness. In conclusion, we note that all 
spacecraft units undergo testing regarding the 
characteristics of their magnetic cleanliness, which must 
be within certain limits [19]. 

Let us introduce the vector G


 of uncertainties of the 
parameters of microsatellite units magnetic cleanliness 
[27 – 32]. It should be noted that the values of three 

quantities 0
1ng , 1

1ng , 1
1nh  of the dipole component, five 

quantities 0
2ng , 1

2ng , 2
2ng , 1

2nh , 2
2nh  of the quadrupole 

component and seven quantities 0
3ng , 1

3ng , 2
3ng , 3

3ng , 
1

3nh , 2
3nh , 3

3nh  of the octupole component of spherical 
harmonics for all N units of the microsatellite determined in 
the course of testing the magnetic purity of all microsatellite 
units depend on the operating modes of the microsatellite 
and, therefore, are functions of the components of the vector 
G


 of uncertainties of the parameters of the magnetic purity 
of the microsatellite units. 

Then for a given value of the vector G


 of 
uncertainties of the parameters of the magnetic 
cleanliness of microsatellite units, given coordinates rn, φn 
and θn of spatial arrangement of N microsatellite units 

with given values of three quantities )(0
1 Ggn


, )(1

1 Ggn


, 

)(1
1 Ghn


 of the dipole component, five quantities )(0

2 Ggn


, 

)(1
2 Ggn


, )(2

2 Ggn


, )(1

2 Ghn


, )(2

2 Ghn


 of the quadrupole 

component and seven quantities )(0
3 Ggn


, )(1

3 Ggn


, 

)(2
3 Ggn


, )(3

3 Ggn


, )(1

3 Ghn


, )(2

3 Ghn


, )(3

3 Ghn


 of the 

octupole component of spherical harmonics three 
components )(GBkr


, )(GBk


 , )(GBk


  of the magnetic 

field generated by all N units of the microsatellite at the 
point with coordinates rk, φk and θk calculated based on 
(3) – (5). Since the results of measuring the magnetic field 
depend on the operating modes of the spacecraft, the 

components of the measurement vector )(GBkr


, )(GBk


 , 

)(GBk


  also are functions of the vector G


. 

Statement of the prediction problem. For design of 
the spatial spherical harmonics magnetic field model the 
methods for experimental determination of the coefficients 
of spatial harmonics based on the signatures of the magnetic 
characteristics of the tested objects during their movement or 
rotation relative to the measuring windings have been 
developed in the works [17 – 25]. With the help of such 
measuring windings, it is also possible to selectively measure 
spatial harmonics of various orders. However, this approach 
involves the use of measuring windings of a rather complex 
spatial shape, and the dimensions of such selective windings 
must exceed the test object when it moves through these 
measuring windings. 

However, at present, the most common approach to 
building a magnetic field model is the use of many point 
sensors to measure the magnetic field induction generated 
by the test object. This approach is most widely used in 
the construction of a multi dipole model of the magnetic 
field of the test object [3 – 14]. In the ship magnetism 
laboratory (France), to determine the spherical harmonics 
of the magnetic field, when modeling the ships 
magnetization, a system of 39 stationary sensors is used, 
relative to which the test object is moved [26]. 

Note that today systems with point measurement of 
the magnetic field induction using many sensors and 
precision systems for moving the object under test make it 
possible to realize the highest accuracy in calculating the 
parameters of the multipole model of the magnetic field 
of the object under test. 

Let us now consider the inverse problem of design the 
spatial spherical harmonics magnetic field model (3) – (5) 

based on the results of measurements )(GBkr


, )(GBk


 , 

)(GBk


  of the microsatellite magnetic field at the K point 

with coordinates rk, φk and θk by analogy with the design of 
a multidipole model of the magnetic field [3 – 14]. 

Let us introduce the vector )(GYM


, components of 

which are the measured values )(GBkr


, )(GBk


 , 

)(GBk


  of the magnetic field at the K measurement 

points with the coordinates rk, φk and θk. 
Let us introduce the vector X


 of the desired 

parameters of the mathematical model of the spacecraft 
magnetic field, the components of which are the desired 
coordinates rn, φn and θn of spatial arrangement of N 
microsatellite units as well as the desired values of three 

quantities )(0
1 Ggn


, )(1

1 Ggn


, )(1

1 Ghn


 of the dipole 

component, five quantities )(0
2 Ggn


, )(1

2 Ggn


, )(2

2 Ggn


, 
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)(1
2 Ghn


, )(2

2 Ghn


 of the quadrupole component and seven 

quantities )(0
3 Ggn


, )(1

3 Ggn


, )(2

3 Ggn


, )(3

3 Ggn


, )(1

3 Ghn


, 

)(2
3 Ghn


, )(3

3 Ghn


 of the octupole component of spherical 

harmonics of the magnetic field generated by n units of the 
microsatellite at the point with coordinates rk, φk and θk. 

Let us introduce the vector ),( GXYC


, components 

of which are the calculated values )(GBkr


, )(GBk


 , 

)(GBk


  of the magnetic field at the K measurement 

points with the coordinates rk, φk and θk. 
For vector X


 of the desired parameters of the 

mathematical model of the spacecraft magnetic field, 
then, based on (3) – (8) the initial nonlinear equation 

),( GXYC


 for the spacecraft multipole magnetic dipole 

model calculated  

),(),( GXFGXYC


 ,                     (9) 

where the vector nonlinear function ),( GXF


 obtained on 

the basis of expression (3) – (8) with respect to the vector 

X


 of unknown variables, whose components are desired 
coordinates rn, φn and θn of spatial arrangement of N 
microsatellite units as well as the desired values of three 

quantities )(0
1 Ggn


, )(1

1 Ggn


, )(1

1 Ghn


 of the dipole 

component, five quantities )(2
2 Ggn


, )(1

2 Ghn


, )(2

2 Ghn


 of 

the quadrupole component and seven quantities )(0
3 Ggn


, 

)(1
3 Ggn


, )(2

3 Ggn


, )(3

3 Ggn


, )(1

3 Ghn


, )(2

3 Ghn


, )(3

3 Ghn


 of 

the octupole component of spherical harmonics of the 
magnetic field generated by n units of the microsatellite at 
the point with coordinates rk, φk and θk. 

Naturally that the vector nonlinear function 

),( GXF


 also is a function of the vector G


 of 
uncertainties of the parameters of microsatellite units 
magnetic cleanliness. 

Let us introduce the ),( GXE


 vector of the 

discrepancy between the vector )(GYM


 of the measured 

magnetic field and the vector ),( GXYC


 of the predicted 

by model (18) magnetic field  
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   (10) 

We write the objective nonlinear function as the 
weighted sum of squared residuals between the measured 
and predicted by the model (23) values of the magnetic field 

),()),((),( GXEWGXEGXf T


 ,        (11) 
where the weight matrix W takes into account different 
«weights» of magnetic field measurement errors 
depending on the distance to the minisatellite surface. 

The nonlinear objective function (11) is obtained on 
the basis of expression (9) with respect to the vector X


 

of unknown variables, whose components are the values 
coordinates rn, φn and θn of spatial arrangement of N 
microsatellite units as well as the desired values of three 

quantities )(0
1 Ggn
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component, five quantities )(0
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 of the octupole component of spherical 

harmonics of the magnetic field generated by n units of 
the microsatellite at the point with coordinates rk, φk and 
θk and the vector G


 of uncertainties of the parameters of 

the magnetic cleanliness of microsatellite units. 
This approach is standard when designing robust 

mathematical model of the spacecraft magnetic field, 
when the coordinates of the spatial arrangement and the 
magnitudes of the magnetic moments of the dipoles 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 model 
magnetic field, but for the «worst» the vector of 
uncertainty parameters of the spacecraft magnetic 
moments 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 model magnetic field. 

As a rule, when optimizing the nonlinear objective 
function (11), it is necessary to take into account 
restrictions on the values of coordinates rn, φn and θn of 
spatial arrangement of N microsatellite units C as well as 

the desired values of three quantities )(0
1 Ggn
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 of the 

octupole component of spherical harmonics of the 
magnetic field generated by n units of the microsatellite at 
the point with coordinates rk, φk and θk. These restrictions 
usually written as vector inequalities [31 – 36]. 

max),( GGXG


 .                         (12) 
Statement of the control problem. Consider the 

statement of the problem of controlling by microsatellite 
magnetic cleanliness based on spherical harmonics 
magnetic field model (3) – (5) based on the results of 
measurements. To ensure microsatellite magnetic 
cleanliness, it is necessary to install in the microsatellite 
space not only compensating dipoles, but also 
compensating quadrupole and compensating octupole to 
compensate for the quadrupole and octupole components 
of the initial magnetic field of the microsatellite. Usually, 
the microsatellite magnetic cleanliness requirements are 
presented in the form of restrictions on the total magnetic 
moment of the microsatellite and the magnetic field 
magnitude at the onboard magnetometer installation point 
[2, 10]. To compensate the initial microsatellite magnetic 
field at the onboard magnetometer installation point we 
introduce C magnetic units with unknown values of three 

quantities 0
1Cg , 1

1Cg , 1
1Ch  of the compensating dipole 

component, five quantities 0
2Cg , 1

2Cg , 2
2Cg , 1

2Ch , 2
2Ch  

of the compensating quadrupole component and seven 

quantities 0
3Cg , 1

3Cg , 2
3Cg , 3

3Cg , 1
3Ch , 2

3Ch , 3
3Ch  of the 

compensating octupole component of spherical harmonics 
of the magnetic field generated by C magnetic units with 
located at C points PC with unknown coordinates rc, φc 
and θc at the onboard magnetometer installation point. 
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Let us introduce the vector X


 of the desired 
parameters for solving the problem of compensating the 
microsatellite initial magnetic field, whose components 
are the oblique values of the unknown values of three 

quantities 0
1Cg , 1

1Cg , 1
1Ch  of the compensating dipole 

component, five quantities 0
2Cg , 1

2Cg , 2
2Cg , 1

2Ch  of the 
compensating quadrupole component and seven quantities 

0
3Cg , 1

3Cg , 2
3Cg , 3

3Cg , 1
3Ch , 2

3Ch , 3
3Ch  of the 

compensating octupole component of spherical harmonics 
of the magnetic field generated by C magnetic units with 
located at C points PC with unknown coordinates rc, φc 
and θc at the onboard magnetometer installation point. 

Then, for a given value of the vector X


 of the 
desired parameters of the compensating dipoles, based on 
(14), the vector )(XBC


 of the compensating magnetic 

field generated by all compensating dipoles at the 
installation point of the onboard magnetometer generated 
by all compensating dipoles can be calculated [21 – 23]. 

Then we calculated the vector ),( GXBR


 of 

resulting magnetic field generated at the installation point 
of the onboard magnetometer by the all microsatellite 
units and all compensating elements 

)()(),( XBGBGXB CR


 .               (13) 

Then we also calculated the vector ),( GXM R


 of 

resulting magnetic moment  
)()(),( XMGMGXM CR


               (14) 

of all microsatellite units and all compensating elements. 
Then the problem of calculated unknown values of 

three quantities 0
1Cg , 1

1Cg , 1
1Ch  of the dipole component, 

five quantities 0
2Cg , 1

2Cg , 2
2Cg , 1

2Ch  of the anti-

quadrupole component and seven quantities 0
3Cg , 1

3Cg , 
2

3Cg , 3
3Cg , 1

3Ch , 2
3Ch , 3

3Ch  of the anti-octupole 
component of spherical harmonics of the magnetic field 
generated by C magnetic units with located at C points PC 
with unknown coordinates at the onboard magnetometer 
installation point of the compensating anti-quadrupole and 
anti-octupole can be reduced to solving the problem of 
minimax optimization of resulting magnetic field (13) at 
the onboard magnetometer installation point and resulting 
magnetic moment (14) of all microsatellite units and all 
compensating elements. 

This approach is standard when designing of robust 
control by microsatellite magnetic cleanliness, when the 
coordinates of the spatial arrangement and the magnitudes of 
the compensating dipole, quadrupole and octupole are found 
from the conditions for minimizing modulus of spacecraft 
resulting magnetic field (13) at the magnetometer installation 
point and resulting magnetic moment (14) of all 
microsatellite units and all compensating elements for the 
«worst» values of the vector of uncertainty parameters of the 
microsatellite magnetic characteristics. 

Naturally, that in this case it is necessary to take into 
account the restriction on the coordinates rc, φc and θc of 
the spatial arrangement and quantities on anti-dipole, anti-
quadrupole and on anti-octupole components in the form 
of inequalities (12). 

In conclusion, we note that the measurement of the 
components of the magnetic field of the units and the 

entire microsatellite assembly is usually performed in the 
orthogonal coordinate system. To calculate the magnetic 
field components Br, Bφ, Bθ in spherical coordinates R, φ 
and θ according to the measured values of the magnetic 
field components BX, BY, BZ in an orthogonal coordinate 
system X, Y, Z we obtain the following expression 
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To calculate the magnetic field components BX, BY, 
BZ in a orthogonal coordinate system X, Y, Z according to 
the values of the magnetic field components Br, Bφ, Bθ in 
spherical coordinates R, φ and θ we obtain the following 
expression 
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In conclusion, we note that since the strength of the 
magnetic field and its induction are determined from (1) 
by the known formulas  

HBUgradH


 0,  ,                (17) 
then the magnetic field components R, φ and θ in 
spherical coordinates R, φ and θ, as well as the magnetic 
field components BX, BY, BZ in a orthogonal coordinate 
system X, Y, Z can be calculated based on the numerical 
differentiation of the original expression (1) for a scalar 
magnetic potential. 

The scalar magnetic potential in the form of 
expression (1) is a function U(R, θ, φ) of three variables – 
spherical coordinates R, φ and θ. Therefore, the 
calculation of derivatives in numerical form with respect 
to these variables is connected with the calculation of 
derivatives directly from expression (1), for example, for 
the magnetic field components Br, in the form 
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To calculate the magnetic field components BX, BY, 
BZ in an orthogonal coordinate system X, Y, Z first, based 
on the transformation of spherical coordinates R, φ and θ 
into orthogonal coordinate system X, Y, Z on the basis of 
expression (8), we represent the expression for the scalar 
magnetic potential (1) as a function U(X, Y, Z) of three 
independent variables X, Y, Z, which are the orthogonal 
coordinate system. Then the calculation of magnetic field 
components BX, BY, BZ in an orthogonal coordinate system 
X, Y, Z in numerical derivatives calculation form with 
respect to these variables with is connected with the 
calculation of derivatives directly by expression (1) by 
analogy (18), for example, for magnetic field components 
BX, in the form 
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.  (19) 

Note that when calculating the magnetic field 
components using expressions (3) – (5), it is required to 
perform 3 calculations, and when calculating the same 
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magnetic field components using expressions (18), (19), it is 
necessary to perform a calculation at 12 points, however, this 
uses the same expression (1) for the scalar magnetic potential. 

Algorithm for solving the minimax optimization 
problem. To solve the problems of robust prediction and 
control by microsatellite magnetic cleanliness, it is necessary 
to solve minimax optimization problems (11), (13) and (14) 
with constraints (12). Consider algorithms for solving these 
problems. Algorithms for solving global minimax 
optimization problems are not trivial [37 – 42]. It is 
especially difficult to solve such problems, due to the need to 
search for a global optimum; complex landscape of the 
search surface, associated, among other things, with the 
presence of ravines; multidimensionality, multiextremality, 
multicriteria of problems with restrictions; lack of analytical 
expressions for objective functions, and, consequently, their 
algorithmic representation and high computational 
complexity, which involves the use of cumbersome 
numerical methods and is often a difficult independent task; 
non-differentiability and non-linearity; the presence of 
discrete and continuous variables in the goal function. 

When using deterministic local search methods, a 
multi-start strategy is often used, which does not 
guarantee that the global optimum will eventually be 
found. Stochastic search methods are more promising for 
these purposes, since they explore the entire search space 
much more efficiently with subsequent localization in 
areas of local optima of the greatest interest [43 – 46]. 

Metaheuristic algorithms include ant colony and bee 
colony optimization algorithms, bacterial algorithms, particle 
swarm optimizations, evolutionary computations including 
genetic algorithms, simulated annealing method, and many 
others. Swarm optimization algorithms, as a kind of 
stochastic search method, due to their bionic features, are 
well suited for solving such problems [47 – 52]. 

The Particle Swarm Optimization (PSO) algorithm is 
a bionic multiagent global optimization method that models 
the social behavior of interacting agents [53 – 57]. The idea 
of the PSO method corresponds to the simulation of the 
movement of living beings in a flock of birds or a school of 
fish. Behavioral metaheuristic optimization methods are 
based on the bionic idea of collective adaptation, collective 
intelligence, i.e. the mechanism of dissemination of 
information in the «flock», «swarm», «school», which is 
due to the superiority of group intelligence over the mental 
abilities of one individual The social sharing of information 
provides evolutionary benefits to all members of the 
population, and the dominance of collective intelligence is 
the basis for the development of PSO algorithms. 

In terms of the theory of artificial intelligence, each 
element of the system is called an agent. In the process of 
finding the optimum in such methods, not one agent is 
involved, but their whole system, called a population. This 
means that the solution to the problem is sought using a 
multi-agent system consisting of several intelligent agents 
with simple rules of interaction and autonomous behavior. 

The characteristic properties of objects are: 
communicativeness, i.e. the ability to communicate with 
other agents, the ability to cooperate; adaptability, i.e. 
adaptability to environmental conditions and the ability to 
learn; decentralization, simplicity of individual behavior. 

These properties of agents allow the phenomenon of 
self-organization to manifest itself in the system when 
performing the task of finding an extremum. In bionic 
methods of metaheuristic optimization, the goal function 

is more often called the fitness function, which is its 
synonym, but at the same time reflects the specifics of the 
approach used to solve the problem. Metaheuristic 
behavioral algorithms use a population of agents to find 
solutions close to optimal, checking the suitability of the 
current solution using a fitness function. 

Agents, as a result of competition and cooperation with 
each other, look for a potential solution in the search space, 
using the value of the fitness function to improve the solution. 
Such methods operate on a set of potential solutions rather 
than a single possible solution. Each solution is incrementally 
improved and evaluated, with a single potential solution 
affecting how other solutions are improved. 

Consider the PSO algorithm. In this method a swarm 
of particles is a set of decision points moving in space in 
search of a global optimum. During their movement, the 
particles try to improve the solution they found earlier and 
exchange information with their neighbors. At the initial 
stage of the PSO algorithm, a random initialization of a 
swarm of particles is performed. When performing 
optimization, 10–30 particles are usually sufficient. The 
swarm makes it possible to find the global optimum even 
when the number of particles in it is less than the 
dimension of the search space. 

In the standard PSO algorithm for optimizing a 
swarm of particles, the speed of a swarm j particle i 
changes according to linear laws, in which the motion of a 
swarm of particles is described by the following 
expressions [57, 58] 
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where position xij(t) and speed vij(t) of the swarm j particle 
i; positive constants c1 and c2 determine the weights of the 
cognitive and social components of the particle’s velocity; 
random numbers r1j(t) and r2j(t) from the range [0; 1] 
determine the stochastic component of the particle 

velocity component. Here yij(t) and *
jy  are the best local-

lbest and global-gbest positions of this particle, 
respectively, only one particle i and all particles i of this 
swarm j find. 

The value of the cognitive coefficient c1 
characterizes the degree of individual behavior of the 
particle and its desire to return to the best solution found 
by it earlier, while the value of the social coefficient c2 
specifies the degree of collective behavior and the desire 
to move towards the best solution of its neighbors. 

The inertial coefficient wj determines the influence 
of the particle’s previous velocity on its new value. The 
use of the inertia coefficient makes it possible to improve 
the quality of the optimization process. 

If, during the optimization process, the particle goes 
beyond the search space specified by constraints (12), then 
the corresponding components of its velocity are set to 
zero, and the particle itself returns to the nearest boundary. 

The algorithm for searching for a global solution to 
an optimization problem can be represented as an iterative 
process that generates a sequence of points in accordance 
with a prescribed set of rules, including the termination 
criterion. The search for a global solution to the 
optimization problem occurs by enumeration of local 
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solutions. In the general case, it is impossible to guarantee 
the exact solution of the global optimization problem for 
multiextremely function in a finite number of steps. 

To prove that the found solution is the global optimum, 
it is necessary to perform a complete enumeration of all 
possible values of the parameter vector. In most cases, this is 
not possible, therefore, in global optimization, it is usually 
not about finding the optimal one, but about finding 
something close to it, i.e. suboptimal solution. The 
preference of stochastic methods of global optimization over 
deterministic ones is caused by their universality, which is 
explained by the estimation of the values of the goal function 
at random points of the admissible set, followed by analysis 
of the results at trial points of the search space. 

To increase the speed of finding a global solution, 
special nonlinear algorithms for stochastic multi-agent 
optimization have recently become widespread [58]. 

The PSO method, as well as its various modifications, 
which have shown high efficiency in single-criteria 
optimization, can also be used to solve optimization 
problems in a multi-criteria formulation. In this case, the 
optimization problem is formulated and solved as a vector 
optimization problem. When solving a vector optimization 
problem (13), (14), it is necessary to take into account the 
priority of criteria, normalize them, choose a trade-off 
scheme, and determine the set of Pareto optimal solutions. 
To solve multicriteria optimization problems, the vector 
criterion scalarization method can be used by aggregating 
particular criteria, and an acceptable solution can be searched 
from the set of Pareto-optimal solutions by introducing 
additional information about the priority of particular criteria. 

One of the simplest ways to solve an optimization 
problem in a multicriteria setting is the method of scalar 
convolution of a vector optimality criterion. This 
approach to solving a multicriteria optimization problem 
allows us to reduce it to solving a single-criteria problem 
by aggregating particular criteria. For these purposes, in 
practice, linear (additive) convolution is most often used: 
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where αi are weight coefficients that characterize the 
importance of particular criteria fi and determine the 
preference for individual criteria by the decision maker. 

To solve the problem of multicriteria optimization, 
the simplest nonlinear trade-off scheme is also often used, 
in which the original multicriteria problem is reduced to a 
single criterion 
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where yi are normalized local criteria fi, the value of which is 
in the range [0; 1]. Naturally, such a formalization of the 
solution of the multiobjective optimization problem by 
reducing it to a single-objective problem allows one to 
reasonably choose one single point from the area of 
compromises – the Pareto area. However, this «single» point 
can be further tested in order to further improve the trade-off 
scheme from the point of view of the decision maker. 

An alternative approach to multiobjective 
optimization is to search for the Pareto set, which includes 
all solutions that are not dominated by other solutions. To 
find non-dominated solutions, it is convenient to use 
specially calculated ranks. However, this raises the 

problem of comparing several solutions that have the 
same rank values. 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. 

In conclusion, we note that when designing a 
multidipole model in the form of N dipoles, it is necessary 
to calculate 3N spherical coordinates rk, φk and θk of the 
location of dipoles in microsatellite space and 3N values 
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 of the components of the 

magnetic moments of the N dipoles. As a result, it is 
necessary to calculate 6N unknown coordinates 

When designing a multipole model in the form of N 
multipoles with dipole, quadrupole and octupole 
components, it is necessary, in addition to solving the 
problem of designing a multidipole model, to calculate 
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the components of the orthorupole components. As a 
result when designing a multipole model 18N unknown 
variables need calculated compared to 6N unknown 
variables in the design of the multi-dipole model. 

Simulation results. Let us consider the use of the 
developed method for prediction and control by spacecraft 
magnetic cleanliness based on spatial harmonic analysis at 
the point of installation of the LEMI-016 magnetometer 
generated by the sensor of the KPNCSP, which is part of the 
«Potential» scientific equipment of the «Sich-2» spacecraft 
family to ensure the spacecraft magnetic cleanliness. 

The layout of the onboard magnetometer LEMI-016 
and the sensor for the KPNCSP on the «Sich-2» 
spacecraft family [18] shown in Fig. 2. 

 
Fig. 2. The layout of the onboard magnetometer LEMI-016 and 

the sensor for the KPNCSP on the «Sich-2» spacecraft 
 

To compensate the magnetic moment of the sensor, 
its permanent magnets are oriented antisymmetrically to 
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each other and a ferromagnetic screen is used. As a result, 
the magnetic moment of the sensor was reduced to the 
following values [18] of magnetic moment components in 
orthogonal coordinate system:  

Mx = 0.087 Am2; My = –0.084 Am2; Мz = 0.042 Am2. 
When using only the dipole model, the magnetic 

field components in a orthogonal coordinate system 
created by the residual magnetic moment of the sensor in 
the zone of the onboard magnetometer, calculated by 
formula (2), have the values: 

BX = –203 nT; BY = 196 nT; BZ = 196 nT. 
The paper [18] presents the values of harmonics 

calculated on the basis of the experimentally measured 
signatures of the magnetic flux of the sensor at the at the 
magnetic measuring stand of the Anatolii Pidhornyi 
Institute of Mechanical Engineering Problems of the 
National Academy of Sciences of Ukraine [59] when it 
moves through the measuring circuit 

0
1g = 4.1 10–3, 1

1g = –8.4 10–2, 1
1h = 4.2 10–2, 

0
2g = 1.411 10–3, 0

3g = 2.5 10–4. 
In this case, the value of the magnetic field 

component BZ in a orthogonal coordinate system along the 
axis Z at the installation point of the onboard 
magnetometer, taking into account only the first harmonic 
BZ = 237 nT, taking into account only the second harmonic 
BZ = 352 nT, and taking into account only the third 
harmonic BZ = 247 nT. The magnitude of the resulting 
magnetic field when three spatial harmonics are taken into 
account BZ = 836 nT [18]. The relative contribution of the 
dipole harmonic (field of the magnetic moment) to the 
magnetic induction created by the sensor in the area of the 
onboard magnetometer is only about 20 %. The 
contribution of quadrupole and octupole spherical 
harmonics to the magnetic induction of disturbance to the 
on-board magnetometer is about 80 % [18]. 

Let us consider the solution of the problem of 
compensation of spatial harmonics of the initial magnetic 
field. As a result of solving the optimization problem, the 
values of the harmonics of the compensating quadrupole 
are calculated 

0
2g  = 0.0249959, 1

2g  = 0.981453, 2
2g  = 0.271729, 

1
2h  = 0.62818, 2

2h  = 0.620474. 
The values of the harmonics of the compensating 

octupole are calculated 
0
3g  = 0.00160516, 1

3g  = 0.0282545, 2
3g  = 0.651052, 

3
3g  = –0.704719, 1

3h  = 0.0031692, 
2
3h  = 0.175824, 3

3h  = –1.11672. 
And also the spherical coordinates of the spatial 

arrangement of the compensating quadrupole and 
octupole are calculated 

rk = 0.0768617; φk = 0.163995; θk = 3.90015. 
In this case, the following values of magnetic 

induction were obtained in the probe of the location of the 
onboard magnetometer. Initial magnetic field 

BX = –202,86 nT; BY = 195,935 nT; BZ = 243,115 nT. 
Compensating magnetic field 

BKX = 202.913 nT; BKY = –195.669 nT; BKZ = –243.13 nT. 
The resulting magnetic field 

BRX = 0.0527476 nT; BRY = 0.26579 nT; BRZ = –0.0153575 nT. 
Thus, due to the installation of compensating 

quadropoles and octupoles, it was possible to reduce the 

level of magnetic field induction at the point of 
installation of the «Sich-2» spacecraft family onboard 
magnetometer by a factor of more than two orders. 

In conclusion, we note that the implementation of 
compensating quadrupoles and octupoles can be 
performed both with the help of permanent magnets and 
with the help of electromagnets [21, 24]. Naturally, the 
technical implementation of compensating elements with 
the help of permanent magnets is simpler, however, when 
implementing compensating elements with the help of 
electromagnets, an additional possibility appears to 
increase the magnetic purity of the microsatellite when it 
operates in various operating modes by controlling the 
parameters of the compensating elements in real time. 

Conclusions. 
1. The method for prediction and control the 

microsatellite magnetic cleanliness taking into account the 
uncertainties of the magnetic characteristics of the 
microsatellite, based on calculation the magnetic field 
spatial spherical harmonics in the area of the onboard 
magnetometer installation and using compensating 
multipole has been developed. 

2. The spatial spherical harmonics of the microsatellite 
magnetic field is calculated based on the solution of the 
nonlinear minimax optimization problem. The nonlinear 
objective function of this nonlinear minimax optimization 
problem is calculated as a weighted sum of squared residuals 
between the measured and predicted magnetic field levels at 
the measurement points. The values of the spatial spherical 
harmonics of compensating dipole, quadrupole and octupole, 
as well as the coordinates of their spatial placement inside 
the microsatellite to compensate the dipole, quadrupole, and 
octupole components of the initial magnetic field of the 
microsatellite, are also calculated as a solution to the 
nonlinear minimax optimization problem. Solutions to both 
nonlinear minimax optimization problems are computed 
based on particle swarm nonlinear optimization algorithms. 

3. The developed method was used to improve the 
magnetic cleanliness of the «Sich-2» microsatellite. Based on 
calculation of spatial spherical harmonics of the magnetic 
field generated by the kinetic parameters sensor of the 
neutral component of the space plasma at the installation 
point of the onboard magnetometer LEMI-016 of the «Sich-
2» microsatellite family, the spatial harmonics of the 
compensating dipole, quadrupole and octupole, as well as the 
coordinates of the spatial location of these compensating 
elements in the space of a microsatellite are calculated to 
compensate for quadrupole and octupole harmonics of the 
initial magnetic field. The use of compensating quadrupole 
and octupole made it possible to reduce the level of magnetic 
field induction of the microsatellite at the point of installation 
of the magnetometer by more than two orders of magnitude, 
which will increase its controllability in orbit. 
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