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The specificity of applying the technology for ensuring magnetic 
purity of small spacecraft, which have cylindrical electromagnets 
with a magnetic moment of 10–50 A m2 in the orbit orientation con­
trol system, has been considered. It is shown that the electromag­
nets of the orientation control system are the most powerful source 
of magnetic hindrance with a magnetic flux density of up to 1 T for 
the magnetically sensitive equipment of the spacecraft. The need 
for modeling the magnetic field of the electromagnet at the prelimi­
nary stage of spacecraft development for the rational choice of its 
layout has been substantiated. In order to improve the technology 
for ensuring magnetic purity, which is aimed at increasing the reli­
ability of spacecraft operation, a search for the best model of the 
magnetic field of such electromagnets was carried out.

A comparative analysis of approximate analytical models of 
the near magnetic field of a cylindrical electromagnet, which are 
based on its magnetic moment and overall dimensions, was car­
ried out. It is established that the model based on two shifted dipole 
moments and the multipole model have unacceptably large devia­
tions in the results of calculating the near magnetic field near the 
body of a cylindrical electromagnet. The advantages in the form of 
an expanded application area and a reduced deviation of the near 
magnetic field representation to 5 % when using the model based 
on cylindrical harmonics of the electromagnet have been theoret­
ically substantiated. Formulas for engineering calculation of the 
magnetic field induced by a cylindrical electromagnet inside the 
spacecraft using its improved analytical model have been derived. 
It is proposed to use the model based on cylindrical harmonics for 
preliminary calculation of the magnetic hindrance generated by 
the electromagnets of the orientation control system to the magnet­
ically sensitive equipment of the spacecraft
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1. Introduction

The main characteristic of a stationary magnetic field 
source is the magnetic moment vector. It is this characteristic 
that determines the energy of the interaction of the source 
with an external magnetic field. In particular, the magnetic 
moment modulus is proportional to the mechanical torque 
that rotates the source so that the direction of the magnetic 
moment coincides with the lines of force of the external 
magnetic field. It is this interaction that is observed with the 
needle of a magnetic compass, which the Earth’s geomagnetic  
field directs towards the south magnetic pole. A similar in-
teraction between the geomagnetic field and the magnetic 
moment of an electromagnet is used by the orientation con-
trol systems of small spacecraft to change and stabilize their 
position in orbit. A spacecraft (SC) is affected by many exter-
nal factors that chaotically change its standard orientation in 
orbit, which can cause the loss of stable communication with 
the satellite. Therefore, to ensure a rapid change and reliable 
stabilization of the angular position of SC, electromagnets are 
used that generate a mechanical moment significantly greater 
than that of the disturbance factors. It is usually necessary to 
generate a controlled magnetic moment of the electromagnet, 

the magnitude of which is approximately 100 times greater 
than the residual intrinsic magnetic moment of the satellite. 
The design of the magnetically active part of such electro-
magnets consists of an elongated cylindrical core and a cur-
rent winding located on it. Given the significant elongation 
of such a magnetic moment source, the point dipole model 
cannot be used to calculate the near magnetic field induced 
by it near the electromagnet. However, there is a need to 
calculate the magnetic field (MF) since near the ends of the 
cylindrical electromagnet the magnetic flux density created 
by it takes values that exceed 0.5 T. Since the electromagnet 
of the orientation control system is the most powerful source 
of magnetic hindrance for the magnetically sensitive equip-
ment of the spacecraft, the spatial distribution of its near 
magnetic field must be determined in advance. Determining 
the near magnetic field at the preliminary stage of spacecraft 
design is necessary for a rational, from the point of view of 
magnetic interaction, choice of the layout of its components  
and equipment.

Therefore, it seems relevant to search for and build such 
an analytical model of the electromagnet, which allows for 
engineering calculation of its near magnetic field at the stage 
of the preliminary design of the spacecraft. That is, at the 
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stage when all the design parameters have not yet been deter-
mined, and only the nominal magnetic moment and length of 
the electromagnet are previously known.

2. Literature review and problem statement

To ensure the reliability of the regular functioning of 
satellite equipment in the space industry, specially developed 
technologies are used. In particular, to eliminate negative 
magnetic interaction between individual elements, systems 
and payload equipment of the spacecraft, magnetic cleanli-
ness technology is used. The methodology for applying mag-
netic cleanliness technology is enshrined in the standards of 
the European Space Agency [1, 2]. However, the standards 
contain only a general procedure for applying this technol-
ogy, starting from the initial definition of requirements for 
equipment and equipment at the stage of preliminary design 
of the satellite. A general recommendation for modeling the 
magnetic field induced by the equipment and elements of the 
satellite is to use a convenient analytical model and previous 
experience in designing similar equipment. As an example of 
a complete algorithm for applying these standards when de-
signing a satellite, the general sequence of ensuring magnetic 
cleanliness is considered in [3]. However, the strategy chosen 
by the developers for preliminary modeling and subsequent 
control is based on a multi-dipole model of the magnetic field, 
so the issues of taking into account the features of magnetic 
sources remain unresolved. Such a choice of strategy for ap-
plying technology and the model of the near-field magnetic 
field of components and accessories is certainly justified in 
the case of priority provision of regular functioning of scien-
tific magnetometers. As an additional option for overcoming 
the difficulties in ensuring magnetic purity in such space mis-
sions, a remote rod is used to locate magnetometers outside 
the spacecraft [4–7]. This approach was used in [4] as a reli-
able technique that employs the property of the magnetic field 
decay from the source of magnetic hindrance induced by the 
equipment and elements of the spacecraft. However, the use 
of a very long mechanically collapsible rod, for example, as in 
the Juno mission with a length of 12 m, requires additional 
devices for determining the orientation of magnetometers 
in space. However, shorter rods are less effective, so such 
spacecraft require the use of additional methods of protec-
tion against magnetic hindrance [5]. For example, by using 
several magnetometers located and oriented according to the 
gradiometer scheme. In addition, an option to overcome the 
difficulties may be the use of special algorithms for processing 
magnetometer measurement data, which use information 
about the angular rotation of the spacecraft around its own 
axis [6]. However, the attempt to use a remote rod in the de-
sign of a nanosatellite weighing up to 30 kg actually makes it 
impossible to use other scientific instruments in the mission 
besides magnetometers [7].

The dominance of the multi-dipole model of magnetic 
hindrance sources from spacecraft components stems from 
the need to model the near magnetic field of all components 
and assemblies at the stage of preliminary design. In this 
case, another option for overcoming the difficulties may be 
the use of either estimated data on the magnetic moments of 
the equipment or results known from previous missions, as 
shown in [8]. In addition, considering the sources as magnetic 
dipoles, the probable approach for modeling the near mag-
netic field at the preliminary stage of spacecraft development  

may be quite effective for a series of nanosatellites of the 
same type [9]. An option for overcoming the difficulties 
in experimentally determining both the dipole magnetic 
moments of individual components [10] and for the entire 
spacecraft as a whole [11] is the use of automation, which 
has significantly simplified the practice of experimental 
control over magnetic purity.

However, the application of other models of the near 
magnetic field has not become widespread; the likely reason 
is the imperfection and limitations of the application of the 
multi-dipole model near the sources, which forces space tech-
nology developers to look for other approaches. For example, 
in [12], the overestimated degree of magnetic field decay at 
a  distance from the real source compared to the dipole one is 
theoretically justified, but an attempt is made to replace it by 
a complex extrapolation law. A likely option for overcoming 
the difficulties is to use a magnetic model based on spherical 
harmonics of the magnetic field [13]. However, for its applica-
tion. specifically determining the magnetic center and solving 
the inverse problem of finding an improved layout, it is neces-
sary to have a large number of determined coefficients of the 
harmonics of the components and equipment of the space-
craft. In addition, the model of solar panels as a flat source of 
magnetic field is presented as part of the work on magnetic 
compatibility in [3, 14]. However, such models are based on 
the Biot-Savart law for the flat distribution of electric current 
in solar panels and are not very suitable for the calculation of 
electromagnets. Finally, an attempt to build an integral model 
for the linear distribution of magnetic moments is described 
in [15]. However, in this model, the magnetic moments of the 
spiral spring are considered to be directed perpendicular to 
the line of location, and the magnetization along the spring 
is not considered.

All this gives grounds to argue that it is advisable to conduct 
a study on improving the analytical model of the near-field 
magnetic field of elongated spacecraft components, which is  
based only on the dipole magnetic moment and takes into 
account the length of the source. This will expand the capabil-
ities of magnetic purity technology to increase the reliability of 
operation of small spacecraft that have electromagnets in the 
orientation control system.

3. The aim and objectives of the study

The aim of our work is to improve the theoretical basis 
for modeling the near magnetic field of the satellite orienta-
tion system electromagnet for engineering calculation of its 
magnitude at the stage of preliminary design of the space-
craft. This will make it possible to increase the reliability of 
spacecraft operation by ensuring magnetic compatibility of 
individual components and satellite equipment.

To achieve the goal, the following tasks were set:
– to conduct a comparative analysis of analytical models 

that can be used to calculate the near magnetic field of an 
electromagnet with a cylindrical core;

– to derive analytical expressions for engineering calcula-
tion of the near magnetic field of the satellite orientation sys-
tem using the selected model of the electromagnet as a source 
of magnetic moment;

– to take into account the inhomogeneous nature of the 
spatial distribution of magnetization in the core of the cylin-
drical electromagnet to improve the accuracy of the calcula-
tion of the near magnetic field induced by it.
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4. The study materials and methods

The object of our study is the near-field magnetic field gen-
erated by the electromagnets of the spacecraft orientation con-
trol system. It is expected that with a limited number of known 
parameters of the electromagnet, the analytical model is able 
to describe its external magnetic field with sufficient accuracy. 
The work compares the accuracy of reproducing the external 
magnetic field of a cylindrical electromagnet by analytical 
models. The set of analytical models possible for application is 
determined by the limited number of input parameters of the 
electromagnet since at the initial stage of spacecraft develop-
ment, only the magnetic moment M and the largest overall size 
of the electromagnet – its length L – can be considered known. 
Therefore, for comparison, the following models were consid-
ered: a model based on two shifted magnetic dipoles, a model 
based on magnetic multipoles, a model based on cylindrical 
harmonics, and a model based on spheroidal harmonics. 

As a comparative basis for determining the relative devi-
ation of the results of the analytical calculation of magnetic 
field by these models, the results from calculating by the 
numerical method were used. Numerical calculation of the 
magnetic field was carried out for two experimental samples 
of a cylindrical electromagnet (Fig. 1) manufactured at the 
Pivdenne Design Bureau (Ukraine).

 
Fig. 1. Typical image of electromagnets in the spacecraft’s 

orientation control system

The magnetic moment of the two samples was determined 
by direct measurement by the magnetometric method with 
a deviation of 5 % on the magnetic measuring bench at the 
Institute of Electrical and Electronic Engineering, the National 
Academy of Sciences of Ukraine. During magnetic tests, the 
electromagnets were connected to a constant voltage source of 
25 V, which generated an effective current density in the wind-
ings of 1.266 A/mm2. The experimental samples had the same 
type of design of the magnetically active part of the electro-
magnet (Fig. 2), and their main parameters are given in Table 1.
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Fig. 2. Structure of the magnetically active part 	
of the electromagnet: 1 – core; 2 – current winding

According to the data given in Table 1 and Fig. 2, two 
models were built in the COMSOL Multiphysics computer  

package for the numerical calculation of the near-field mag-
netic field intensity of both electromagnet samples. The re-
sults of the computer numerical calculation of the magnetic 
field were used for further comparison with the correspond-
ing results obtained by analytical models. Based on the pre-
liminary analysis of the results of the numerical calculation of 
the magnetic field, the following was determined.

Table 1

Parameters of experimental samples of the cylindrical 
electromagnet

Sample 
No.

Core 
diameter, 

D, mm

Minimum 
winding 
diameter, 
D1, mm

Maximum 
winding 
diameter, 
D2, mm

Length 
L, mm

Magnetic 
moment, 
M, A·m2

1 8.5 8.7 18.2 250.0 14.13

2 10.0 10.2 19.2 300.0 23.35

Taking into account the axial symmetry of the magneti
cally active part of the electromagnets, the generated mag-
netic field has the same axis of symmetry. Therefore, to 
determine the deviation in the analytical simulation of the 
magnetic field, the two extreme directions in terms of the 
nature of the spatial distribution of the field were chosen. 
The simulation deviations were determined in the direction 
of the axis of symmetry, as well as in the central cross-sec-
tion, as a function of the distance of the field observation 
point relative to the center of the electromagnet. This choice 
of location of observation points simplifies comparison of 
the results of magnetic field calculation since instead of the 
intensity vector, its single non-zero projection onto the appli-
cate axis is subject to comparison.

In addition, according to a preliminary analysis of the 
magnetically active part of the electromagnet samples, the 
contribution to the external magnetic field generated by the 
current winding does not exceed one percent of that induced 
by the magnetized core. Therefore, in the analytical modeling 
of the magnetic field, the electromagnet was considered a per-
manently magnetized core with the appropriate dimensions 
and total magnetic moment.

5. Results of research on analytical modeling  
of the magnetic field

5. 1. Analytical models for calculating the near mag-
netic field of an electromagnet with a cylindrical core

Model based on two shifted magnetic dipoles.
For an approximate calculation of the external magnetic 

field of elongated magnetic moment sources, a model based 
on two shifted magnetic dipoles is used [16]. The model is 
based on two point dipoles of equal magnitude and equally 
directed, which are located at distances ±L/4 relative to the 
center of the magnetized source with length L. The magni-
tudes of the magnetic moments of both dipoles are equal to 
half the magnetic moment M/2 of the elongated source, the 
field of which is being modeled.

Considering the electromagnet as a uniformly magnetized 
core with a magnetic moment M directed along the axial axis, 
the origin of the Cartesian coordinate system is placed in its 
center, placing the applicate axis as the axis of symmetry.  
According to this model, the magnetic field of an electromag-
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net can be mapped in the form of representations for two 
projections in a cylindrical coordinate system:
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where ρ, z are the cylindrical coordinates of the field obser-
vation point.

For the MF generated by the electromagnet in the axial 
direction (ρ = 0), the model has an analytical representation 
for a single non-zero projection:

H M z L z L
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From (2) for the projection of MF onto the axis of the 
applicate in the central cross-section (z = 0) one can obtain the 
following representation:
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To assess the accuracy of the simulation of the magnetic 
field in the space near the electromagnet, segments of the 
described two directions were selected for comparison of the 
results from analytical and numerical calculations. For the di-
rection of distance relative to the center of the electromagnet 
along the axial axis, the magnetic field strength was compared 
at distances from 0.2 m to 0.5 m. In the central cross-section, 
the Hz projection was compared on the segment of the radial 
coordinate from 0.1 m to 0.5 m.

For both samples of the electromagnet in the specified 
directions, the relative deviation of the magnetic field simula-
tion was calculated from the following formula:

� �
�

�
H H
H

z0

0
100 %,	 (5)

where H0 is the MF value corresponding to the observation 
point, which is obtained by numerical calculation using 
a computer model of the electromagnet sample.

The plots of dependences of the relative deviation of MF 
simulation by the analytical model as a function of the distance 
relative to the center of the electromagnet are shown in Fig. 3.

The black lines in Fig. 3 demonstrate the accuracy of the 
simulation of the magnetic field of the first sample, and the 
red lines correspond to the dependences obtained for the 
second sample.
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Fig. 3. Relative deviation of the application of the model 

based on two dipoles: dotted line – when moving away in the 
plane of the central cross-section, solid line – when moving 

away along the axial axis

Multipole model of the magnetic field of a uniformly mag-
netized core.

The multipole model is based on a mathematical represen-
tation of virtual point sources of the magnetic field – multipoles 
of power n. It is assumed that the superposition of the magnetic 
fields of an infinite set of multipoles with modulus Mn strictly 
describes the field of an arbitrary source outside the sphere that 
encompasses it. In the case of an axially symmetric magnetic 
field, the set of multipoles contains only axial multipoles of odd 
powers, which are directed along the axis of the applicate. In 
the spherical coordinate system (r, θ, j), in the center of which 
are the axial multipoles, the vector of the axially symmetric 
magnetic field intensity has the following representation [17]:
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where Pn are the Legendre polynomials of power n, Σ – sum 
over odd values of n.

For a uniformly magnetized cylindrical core, the moduli 
of axial multipoles located in its center and directed along the 
axial axis can be calculated from the following formula:
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where L is the length of the core, M is the axial magnetic 
moment of the core.

Using (6), we can obtain a representation for the magnetic 
field strength along the axial axis of the electromagnet in a cy-
lindrical coordinate system, which takes the form:
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In the central cross-section, the magnetic field also has 
only one projection, the representation of which can be writ-
ten as:
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Having limited the infinite sums in (8) and (9) by a mul-
tipole of the tenth power, the magnetic field strength in two 
directions was calculated using the multipole model. For 
distances from 0.2 m to 0.5 m along the axial axis and from 
0.1 m to 0.5 m in the central section, the relative deviation of 
the modeling of the magnetic field of the electromagnet by 
multipoles was calculated using (5) (Fig. 4).
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Fig. 4. Relative deviation of field modeling by multifields: 

dotted line – when moving away in the plane of the central 
cross-section, solid line – when moving away along 	

the axial axis

The relative deviation calculations in Fig. 4 for the first 
sample of the electromagnet are shown by black lines, and the 
plots for the second sample are in red.

Model of the core of the electromagnet based on spheroidal 
harmonic.

Considering the nominal magnetic moment of the electro-
magnet as generated by its magnetized core, the modeling of 
its external MF by the spheroidal harmonic is considered. To 
apply the model, the cylindrical magnetized core is replaced 
by a uniformly magnetized elongated spheroid, centrally lo-
cated in the elongated-spheroidal coordinate system (ξ, η, j).  
In this case, the major half-axis a = L/2 of the spheroid is di-
rected along the axis of the applicate, and the minor half-axis 
b = D/2 lies in the plane of the central cross-section of the elec-
tromagnet. The relationship of the triple of elongated-spheroi-
dal coordinates with the Cartesian coordinates is given by the 
following formulas:

x c� � � � � � � �� � �2 21 1 cos ,	 (10)

y c� � � � � � � �� � �2 21 1 sin ,	 (11)

z c� � �� �, 	  (12)

where c is half the focal length of the spheroid, which is equal 
to c a b� �2 2 .

Under these conditions, the vector of the external magne
tic field of a uniformly magnetized elongated spheroid [17] is 
determined from the following formula:
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where Q1 is the Legendre function of the second kind; ξ, η are 
the spheroidal coordinates of the observation point of the mag-
netic field.

The spheroidal projections of the magnetic field strength 
obtained from (13) are converted into cylindrical projections 
using the following formulas [17]:
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To assess the accuracy of modeling the near magnetic 
field with this model, formulas for direct calculation of Hz 
projection were derived. For the direction along the axis of 

the applicate, the dependence of the magnetic field strength 
on the z coordinate takes the following form:
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In the plane of the central cross-section, the magnetic field 
strength is a function of the radial coordinate ρ and takes the form:
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Using (16) and (17), for the two directions described 
above, the corresponding functional dependences of the mag-
netic field on the distance relative to the center of the electro-
magnet were calculated. As a result of applying (5), functions 
were obtained, and plots were constructed (Fig. 5) for the 
relative deviation of the simulation of the near magnetic 
field of the electromagnet based on the spheroidal harmonic.
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Fig. 5. Relative deviation of the model based on the 

spheroidal harmonic: dotted line – when moving away in the 
plane of the central cross-section, solid line – when moving 

away along the axial axis

The results of calculating the relative deviation of MF 
relating to the first electromagnet sample are shown in Fig. 5 
by black lines, and the functions relating to the second sample 
are shown in red.

5. 2. Analytical representations for engineering cal-
culation of the near magnetic field of a magnetized core 
of an electromagnet

The advantage of using a model based on cylindrical 
harmonics of the magnetic field for the case of a cylindrical 
source is the absence of restrictions on the external area of 
application of the scalar potential. For the case of a uniformly 
magnetized core, the simplest representations [18] of cylindri-
cal harmonics of the external magnetic field in the direction 
of the axial axis are:
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and in the central cross-section:
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where K0, K1, I1 are modified Bessel functions, D is the diame
ter of the magnetized core.

To apply (18) and (19), it is necessary to have, in addition to 
the value of the magnetic moment and the length of the elec-
tromagnet, the value of the core diameter. It can be calculated 



Applied physics

11

based on the knowledge of the magnetic properties of the ma-
terial, which is usually used in the technology of manufactur-
ing the core. For the average value of the core magnetization, 
in the first approximation, one can take 90 % of the maximum 
value of the magnetization Js of the core material. For example, 
for permalloy with 50 % nickel Js = 1.25·106 A/m. Considering 
that the magnetic moment of the core is equal to the product 
of the average magnetization by the volume, the following for-
mula can be used to calculate the diameter of a cylin:

D M
J Ls

�
�0 9

4
.

.
�

	 (20)

To calculate both non-zero projections of the magnetic 
field strength using the model of cylindrical harmonics of  
a uniformly magnetized core at an arbitrary point (ρ, z) out-
side the electromagnet body, the following representations 
were obtained:
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where K(k), Е(k), F(p, k) are elliptic integrals of the first, 
second, and third kind, respectively. The moduli in elliptic 
integrals are determined from the following formulas:
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To calculate parameter p of the elliptic integral of the third 
kind, the following formula was derived:
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In the resulting representations of the MF electromagnet 
model based on cylindrical harmonics, the real value of the core 
diameter is replaced by the estimated one according to (20).

5. 3. Approximate consideration of the inhomoge-
neous nature of the spatial distribution of magnetiza-
tion in the core of a cylindrical electromagnet

To improve the accuracy of the magnetic field model 
based on cylindrical harmonics, it is necessary to take into ac-

count the inhomogeneous nature of the spatial distribution of 
magnetization in the core of the electromagnet. Considering 
this inhomogeneity to be generated by the inhomogeneity of 
the magnetic field of the current coil, it is possible to approx-
imately calculate the effective length Leff of uniform magneti-
zation of the core, assuming this length Leff equal to a segment 
on the axial axis of the solenoid with length L and diameter D,  
where the magnetic field deviates by less than 1 % from the 
uniform field value in the center. To use the graphical method 
for determining length Leff we plotted (Fig. 6) the relative de-
viation of the magnetic field inside the solenoid Δsol from the 
value in the center as a function of the applicate:
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From the plots shown in Fig. 6, it follows that the devia-
tion from a uniform magnetic field of up to one percent cor-
responds to the effective core length Leff of the first sample of 
0.204 m, and for the second sample Leff = 0.246 m. Substituting 
the effective core length in (18) and (19), we obtain refined 
representations for calculating the magnetic field along the 
axial axis of the electromagnet:
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and in the central cross-section:
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where K(k), F(p, k) are elliptic integrals of the first and third 
kind, respectively. For the central cross-section plane, the 
modulus k of the elliptic integrals is defined as:
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The parameter p of the elliptic integral of the third kind 
is given by (25).

Having calculated the magnetic field strength generated 
in the direction of the axial axis and in the central section  
by (27) and (28), the relative deviation of the field simulation 
by cylindrical harmonics was calculated by (5). To compare 
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the relative deviation of the simulation, plots were construc
ted (Fig. 7) for the two applied electromagnet samples.
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Fig. 6. Dependences of the relative deviation from a uniform 

field in a solenoid: the first sample of the electromagnet 	
is the black line, the second sample is the red line
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Fig. 7. Deviations when modeling the field with cylindrical 
harmonics: dotted line – when moving away in the plane 	

of the central cross-section, solid line – when moving 	
away along the axial axis

The black lines in Fig. 7 show the dependences obtained 
for the first sample, and the red ones for the second sample.

6. Discussion of results based on the analytical 
modeling of the magnetic field

The basic method of the first stage of application of the 
technology for ensuring the magnetic purity of the spacecraft 
is the modeling of the near-field magnetic field generated by 
its equipment and components using various analytical mod-
els of such sources [1, 2]. A common feature of the considered 
analytical models is the possibility of their application for cal-
culating the magnetic field in the presence of limited informa-
tion about the electromagnet that has not yet been designed 
and tested. Under such conditions, the discrepancy between 
the modeling result and the experiment is determined by 
many parameters (Table 1), which are not taken into account 
by the analytical model. However, when using the analytical 
model at the stage of sketch design and determination of the 
spacecraft layout, this feature is an important advantage over 
numerical calculation since the application of the numerical 
calculation method is not possible without complete informa-
tion about the already designed or developed electromagnet.

The two electromagnet samples used for the compar-
ison of analytical models have typical characteristics for 
small spacecraft with overall dimensions approaching 1 m. 
Therefore, the accuracy of modeling the near-field magnetic 
moment of the electromagnet in the range of values of dis-
tance from its body up to 0.5 m is subject to comparison. At 
greater distances from these electromagnet samples, it is quite 
sufficient to use a simpler mathematical model of one dipole 

magnetic moment for engineering calculation of the magnetic 
moment. To compare the accuracy of modeling the near-field 
magnetic moment by the considered analytical models, it is 
rational to determine the distances from the center of the 
electromagnet where they can be used for engineering cal-
culation with a relative deviation of up to 5 %. In addition, it 
is interesting to compare the areas of incorrect estimation of 
the magnitude of the magnetic moment by the model with 
a deviation of more than 20 %.

Analyzing the plots of the relative deviation of modeling 
the magnetic moment by the model based on two shifted mag-
netic dipoles (Fig. 3), the following can be determined. For 
both samples of the electromagnet, engineering calculation of 
the MF is possible at distances from the body greater than the 
length of the electromagnet L. The area of correct estimation 
of the MF value by such a model begins at distances from the 
body greater than L/2. In this case, the modeling of MF on 
the side of the electromagnet has a significantly larger rela-
tive deviation than along the axial axis at the same distances 
to the body. This is explained by the influence of the discrete 
arrangement of the dipoles of the combined MF source along 
the axial axis of the model.

Analysis of the plots in Fig. 4 for the relative deviation 
of the modeling of the MF of an electromagnet by magnetic 
multipoles determines the mathematically prohibited area of 
application of the model at distances closer than L/2 from the 
center of the electromagnet. That is explained by the corre-
sponding size of the convergence region of the multipole series 
when modeling the MF field outside the minimum sphere that 
covers the source with the maximum size L. The area for the ap-
plication of the engineering calculation of MF by this model is 
located further from the body compared to the model based on 
two dipoles. The distance from the center of the electromagnet 
to the boundary sphere of such an area depends on the number 
of magnetic multipole moments used in the field calculation.

Thus, both models, which are built using point sources 
of the magnetic field, are not suitable for the engineering 
calculation of the near magnetic field of a cylindrical electro-
magnet. This is explained by the significant discrepancy be-
tween the shape of the real source – the cylindrical core of the 
electromagnet, and the turned sources that both models use.

From the comparative analysis of the plots shown in 
Fig. 5, 7, it follows that the best accuracy of the representa-
tion of the near-field magnetic field of the electromagnet is 
inherent in the model based on cylindrical harmonics. For 
it, the area of correct estimation of the magnitude of the 
magnetic field has no restrictions and begins directly behind 
the body of the electromagnet. In addition, with lengths of 
electromagnets up to 300 mm, this model can be used to cal-
culate the magnetic field with a relative deviation of up to 5 % 
at distances from the body less than 0.1 m. This is explained 
by the improved correspondence of the cylindrical source 
model to the real magnetized core of the electromagnet.  
A possible disadvantage of this magnetic field model from the 
point of view of practical use is the technical difficulties in 
calculating according to (21) to (25). In the case of difficulties 
in mathematical calculation and according to simplified rep-
resentations (27), (28), a model based on one spheroidal har-
monic (13) to (15) can be applied, which is based exclusively 
on algebraic functions. In this case, the accuracy of modeling 
the near magnetic field will be degraded by 2–5 %, and the 
distances of the boundary of the region of limitation for the 
use of engineering field calculation are increased to L/2. The 
overall positive result when using both models is explained by 
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the use of an additional characteristic of the electromagnet – 
the expected core diameter, which is calculated based on the 
magnetic properties of its material according to (20).

A further area of research could be the adaptation of an 
improved model of the near-field magnetic field of electro-
magnets for its integration into computer packages for auto-
mated spacecraft design. This should simplify the search for 
the optimal satellite layout when solving the task to ensure its 
magnetic purity.

7. Conclusions

1. A comparative analysis of the relative deviation of the 
calculation by approximate analytical models of the near-field 
magnetic field of a cylindrical electromagnet has been carried 
out. The model based on two shifted magnetic dipoles and the 
model of magnetic multipole moments give an incorrect esti-
mate of the magnitude of the magnetic field strength near the 
body of the electromagnet. The application of the model based 
on the spheroidal harmonic of a uniformly magnetized core of 
an electromagnet for engineering calculation of the magnetic 
field is possible at distances greater than half its length.

2. In order to obtain the possibility of using the cylindrical 
harmonic model at the initial stage of spacecraft design, a for-
mula for the approximate calculation of the diameter of the 
core of an electromagnet has been theoretically substantiated. 
That has made it possible to derive analytical expressions 
based on cylindrical harmonics for engineering calculation of 
the magnetic field of an electromagnet, taking into account 
only its magnetic moment, length, and magnetic property of 
the core material.

3. The model of cylindrical harmonics of the magnetic 
field of an electromagnet has been improved by taking into 

account the inhomogeneous nature of the spatial distribution 
of magnetization in the core. For the improved model, the rel-
ative deviation of the reproduction of the near magnetic field 
does not exceed 5 % at distances greater than 0.1 m from the 
body of electromagnets with a length of up to 300 mm. This is 
an improvement of 2–5 % in the accuracy of analytical model-
ing of the magnetic field of electromagnets in the orientation 
control system, which is important when carrying out work to 
ensure the magnetic purity of spacecraft.
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