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MODELLING THE PROPAGATION OF MAGNETIC FIELDS
FROM MULTIPLE DIVERSE SOURCES

Abstract. Man-made magnetic fields have a negative impact on humans. When there are many sources of magnetic fields,
their combined effects are unpredictable. The patterns of propagation of fields from different sources vary. This complicates
the process of planning the placement of electrical equipment in specific areas. The most acceptable way to predict the
electromagnetic environment at the design stages is to model the propagation of magnetic fields from multiple sources. The
aim of the study is to model the propagation of magnetic fields from multiple sources with different patterns of spatial
propagation. Research results. The most significant factor of constant influence on humans is extremely low frequency
electromagnetic fields. At the same time, the magnetic component of these fields is not shielded by equipment housings.
Therefore, it is advisable to model the propagation of the magnetic field. It is shown that all sources of the magnetic field can
be considered as a combination of magnetic dipoles. To model the propagation of a dipole-type magnetic field, the ratio for
the vector magnetic potential is used. To model the propagation of dipole-quadrupole-type magnetic fields, it is advisable to
use Gauss's equation for the scalar potential. This allows the presence of spatial harmonics of the magnetic field to be taken
into account. The propagation of the magnetic field in the plane where people are located was modelled. It has been
established that even in the presence of field superposition, the change in magnetic field intensity with distance from each
source is non-monotonic. There are zones of minimum and maximum field intensity. This allows the zones of safe human
presence and the location of protective magnetic screens to be clearly defined at the design stage. Criteria for taking into
account the required number of spatial harmonics of the magnetic field have been determined. This indicator is determined
by the relative distance from the field source to its dimensions in a spherical approximation. Conclusions. The mathematical
functions determined and used in the process of modelling the propagation of magnetic fields from multiple sources provide
an acceptable modelling error. In the process of modelling the propagation of quadrupole-type magnetic fields in a given
plane, the spatial orientation of the field sources should be taken into account. The field structure for electric machines in a

plane is determined by the orientation of the machine poles relative to the selected plane.
Keywords: modelling; magnetic field; dipole; quadrupole.

Introduction

Modelling the propagation of electric, magnetic and
electromagnetic fields is an effective method for
predicting the electromagnetic environment and the
stages of designing the placement of electrical and
electronic equipment in territories and premises. This
makes it possible to minimise the impact of such fields
on the population and personnel and to incorporate
protective measures into design solutions. Such measures
include rationalising the placement of equipment,
determining safe areas for people to stay and move
around, and installing electromagnetic screens. The basis
for modelling is the correct determination of
mathematical functions for the spatial propagation of
electromagnetic fields from sources of different designs
and operating principles, field superposition, etc. This is
due to the different patterns of spatial propagation of
fields from different sources and their different
intensities at the source. It is impossible to combine and
visualise the propagation of extremely low frequency
electromagnetic fields (industrial and its harmonics) and
ultra-high frequency electromagnetic fields (wireless
communication) due to different units of measurement:
low-frequency fields are characterised by field intensities
(induction),  while  high-frequency fields are
characterised by energy flux density. The most pressing

task is to determine the spatial distribution of extremely
low frequency electromagnetic fields due to their
constant impact on people. This includes the functioning
of technological equipment and life support systems in
buildings, as well as household appliances. All these
sources are located inside buildings and structures, and
their electromagnetic fields directly affect people.
Therefore, it is advisable to automate the process of
assessing the electromagnetic environment in conditions
where the population and personnel of enterprises are
exposed to electromagnetic fields from many sources
with different amplitude values.

Analysis of research and publications

Most studies on modelling the propagation of
electromagnetic fields are aimed at solving problems of
electrical equipment stability and energy conservation.
Work [1] considers the fields of cable power lines from the
point of view of electrical insulation stability. Study [2]
concerns the propagation of a magnetic field, taking into
account its partial shielding by a coating. Work [3] is
devoted to the propagation of magnetic fields of overhead
power lines, providing calculations for their shielding by
regular metal structures. The studies cited concern
distributed sources of electromagnetic fields. The
mathematical apparatus for calculating their quantitative
values and propagation patterns differs from the indicators
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of sources localised in space. Such sources include all
radio equipment and devices for generating, converting
and driving electricity. In [4], the principles of modelling
the propagation of electromagnetic fields of radio-
technical objects of civil aviation are presented. The
radiation directionality diagrams of such objects do not
intersect. Therefore, it makes no sense to consider the
integral values of their impact on people. The patterns of
propagation of such fields are similar to the propagation of
electromagnetic fields from mobile communication base
stations. However, in areas where the directional patterns
of individual stations intersect, the total energy flows are
small [5]. This is because the location of base stations is
optimised in terms of signal strength to ensure
communication. The sources of such fields, both in
industrial and domestic conditions, are localised in space
and close to people. These are transformers, electric drives,
heating devices, etc. In most cases, the electric component
of such fields is shielded by metal equipment housings,
and the electric component propagates in the environment.
Therefore, the propagation of industrial frequency
magnetic fields and their harmonics is mainly studied.
Works [6, 7] present the results of modelling the magnetic
fields of transformer cores and magnetostriction
phenomena due to changes in the magnetic field. These
models were created using finite element methods with
COMSOL and ANSYS software packages. This is due to
the need for high modelling accuracy in a limited volume.
High accuracy in modelling the propagation of external
magnetic fields is not necessary to ensure human safety.
Studies [8, 9] have shown that the magnetic field of any
source can be represented by a combination of magnetic
dipoles. This fact is used to model the external magnetic
field of a four-pole electric machine, which is dipole-
quadrupole [10]. In particular, the acceptable convergence
of the modelling results with the experiment is shown. In
[11], the modelling of the propagation of magnetic fields
from heterogeneous sources has been partially
implemented, but it only concerns the external fields of
power lines and transformers and high-frequency emitters
in territories. They cannot be considered as a complete
picture of the electromagnetic environment in certain
areas. The electric component of the ultra-low frequency
electromagnetic field is usually shielded by metal
equipment housings. The magnetic component freely
propagates beyond the boundaries of electrical devices and
machines. Therefore, it is advisable to simulate the
propagation of the magnetic field of many heterogeneous
sources located in a limited area.

The aim of the work is to simulate the propagation
of magnetic fields from multiple sources with different
spatial propagation patterns.

Presentation of the main material

To simulate the propagation of an electromagnetic
field, it is necessary to correctly determine the
mathematical functions that describe the propagation of
fields from different sources. As mentioned above, most
sources of low-frequency magnetic fields have a shape
characteristic of magnetic dipoles. It is advisable to
perform calculations in a single plane corresponding to
the plane in which people are located.

We consider the sources of the magnetic field to be

localised in space. The magnetic field induction vector B
is determined by the relationship:

rotA =
oy oz oz X ox 0y
where 7, 7, k — unit vectors.

The components of the magnetic field induction are
determined from the relationship:
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where m — dipole magnetic moment of the field source,
r — distance to the point of determination of the magnetic
field induction.

Considering the xz plane for y = 0 we determine that,
sind = x/r, cos® = z/r , where 0 — is the angle between

the coordinate axis and the direction to the point of
determination of the magnetic field induction. In this case:

3m-sind-cosd m- (3c0526?—1)
=, By = 0, BZ -
3 3

Bx

To obtain several data on magnetic field induction,
the values of the dipole magnetic moment of each field
source are required.

Its standard definition is given by the ratio:

m=201s,
4
where | — electric current in the circuit; S — directed area
of the section covered by the circuit.

This definition is ineffective due to the complexity
of electrical equipment, computer hardware, backup
power sources, peripheral devices, etc.

Therefore, for each magnetic field source, it is
advisable to determine the magnetic moment
experimentally by measuring the magnetic field strength
(induction) at a fixed distance:

H :m/(27z,u0r3),

where H is the experimentally determined magnetic field
strength at a distance r from the source, w0 is the magnetic
constant.

m = 271 Hr® = 27Br3 (B=upH)
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A significant number of ultra-low frequency
magnetic field sources generate fields that differ in shape
from dipole fields. For example, the fields of electric
machines with different numbers of poles (more than two)
have a dipole-quadrupole or dipole-octupole structure. For
such sources, the correct determination of the magnetic
field propagation requires taking into account the spatial
harmonics of the field. This is possible by applying Gauss's
equation for scalar potential. The source of the magnetic
field is considered in a spherical approximation, i.e., it is
considered to be a sphere of radius Ro. The magnetic field
of such a source is calculated as the geometric sum of the
radial and angular components of the magnetic field Hy,
He, H, in polar coordinates.

o0
UM ZR0XZ(R0/R)n+1><
n=1
n

% Y (@m COSMe + by sinme) x P x cos g,
m=0
where Ro — nominal radius of the magnetic field source,
R — distance to the field determination point, a, b —
coefficients characterising the amplitude values of the

field of the corresponding harmonics, Py — Legendre's

polynomial. The components of magnetic field intensity
(induction) are calculated based on fundamental
relationships:

H=-gradU,,, B=_uH,
9 2
He =Y (n+1)x(Ry/R)™ " x
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x D" (@nm xCOSMg + by, xsinmg ) x P x cos 6;
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To ensure an acceptable calculation error, it is
important to determine a sufficient number of spatial
harmonics of the field that must be taken into account.
The intensity of the field decreases with distance in
proportion to the index n. It has been established that for
a relative distance index Ro/R =0,1, even the second
harmonic does not exceed 0.05 of the first. That is, in real
conditions, when the distances from individual sources
are large, it is sufficient to take into account the values of
the dipole harmonic (n = 1) and the quadrupole harmonic
(n = 2). In this case:

n=1:

HM™D = 2x(Ry/R)*
x(84 COS O + a1 COSPSIN O+ b1 Sin@sin 6).

n=2:

M) (3/(ax)-(Ro /R’
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Spherical harmonics are represented in a similar
way. To obtain a two-dimensional model in the plane
where people are located, the value of one spherical
harmonic is taken into account.

Modelling of the propagation of ultra-low frequency
magnetic fields was performed in Visual Studio 2019.
Programming language C#. SQL Server DBMS was used.
The user interface is implemented as a web application
using HTML5 markup language, CSS cascading style
sheets, and Java Script programming language.

The database contains data on the dimensions of the
plane on which the magnetic field sources are located, the
coordinates of these sources and their dimensions. In
addition, data on the magnetic field strength at a fixed
distance from the sources, which are determined
experimentally or from other sources, are entered. This is
necessary to calculate the magnetic moment of the dipole
source of the magnetic field. If the source of the magnetic
field is more complex and the field has a dipole-
quadrupole shape, then the amplitude values of the
corresponding spatial harmonics are entered into the
tables. An example of modelling the propagation of a
magnetic field from multiple sources is shown in Fig. 1.

Source 5 =

Source 8
n

Source 1
lf & Source 4 Sou.rce 2

e
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B
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n

Fig. 1. Propagation of an extremely low frequency
magnetic field around many electrical devices;
magnetic field induction values are represented

on a colour scale in pT
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The simulation results show that magnetic field
intensities change non-monotonically with distance from
the sources. A decrease in field strength is followed by
an increase.

This is consistent with the fundamental principles
of electrical engineering. For example, the amplitude of
the dipole harmonic near an electric machine is 0.2 times
that of the fundamental. However, its decrease with
distance is slower, so there are points or surfaces where
the values of the harmonics equalise and the dipole
harmonic continues to prevail. In this zone, the direction
of the field intensity vector changes to the opposite,
passing through zero, which is reflected in the model.
This result has practical significance. In the process of
designing the placement of equipment on production
floors or territories, it is possible to determine zones of
safe stay and movement of people. In the case of high
magnetic field intensities, magnetic screens are located at
certain distances from the field sources in the zones of
maximum intensity.

In areas with dense magnetic field sources — 1, 4,
11, 12 (Fig. 1) and small relative distances from them, it
may be necessary to take into account the stresses of
fields of harmonics higher than the second in order to
reduce modelling errors.

Table 1 shows the relative level of higher spatial
harmonics depending on relative distances.

Table 1 — Relative level of higher spatial harmonics
of the magnetic field at different relative
distances from the source

K

Ro/R

n=2 | n=3 | n=4 | n=5 | n=6 | n=7 n=8
2/3 333 | 222|148 | 0,99 | 0,66 | 0,44 | 0,29
1/2 250|125 | 063|031 | 0,16 | 0,08 | 0,04
1/3 1,67 | 0,56 | 0,19 | 0,06 | 0,02 - -
1/4 1,25 | 0,31 | 0,08 | 0,02 - - -
1/5 1,00 | 0,20 | 0,04 - - - -

In practical applications, the number of spatial
harmonics of the field should be taken into account to
ensure an acceptable modelling error. The total magnetic
fields of many sources, such as electric motors and
generators, are asymmetrical with respect to the
orientation of the poles in space.

For different planes in spherical coordinates 6 and
@, the spatial distributions of the magnetic field in the
plane will be different.

The propagation of magnetic fields of dipole-
quadrupole structure is shown in Fig. 2.

In Fig. 2, sources 1 and 3 are of the same type.
However, in the plane of field propagation, the spatial
distributions of the fields of these sources differ. This is
due to the different orientations of the planes of the poles
of the electric machine.

When such devices are located close to each other,
the structure of the total field is complex (Fig. 3).

Fig. 2. Propagation of the magnetic field
around sources of dipole-quadrupole structure

Fig. 3. Spatial distribution of the magnetic field
of two electric machines with different pole orientations

As can be seen in Fig. 3, the total field has a
complex structure. It is practically impossible to
determine it by experimental methods.

This is especially true for the design of electrical
equipment placement in limited areas. Field propagation
modelling makes it possible to identify areas of equal
field intensity and allows for the unambiguous
determination of the location of protective structures.
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To correctly simulate the propagation of magnetic
fields from multiple sources, it is necessary to have
accurate data on the magnetic dipole moment of each
source. This is achieved by measuring the field strength
of similar sources that are in operation.

There is some ambiguity in choosing the number of
spatial harmonics of the magnetic field to be taken into
account. Increasing the number of harmonics taken into
account reduces the modelling error but significantly
increases the number of calculations. This complicates
the optimisation of equipment layout schemes in specific
areas.

The most rational approach is to select the number
of spatial harmonics of the magnetic field based on the
actual field strengths of individual pieces of equipment.
The criterion is the maximum permissible magnetic field
strengths for a given type of source. If the isolines of the
field excess values of neighbouring sources intersect,
there is no point in considering additional harmonics. If
no field intensity excess is observed, it is advisable to
determine the contribution of higher spatial harmonics to
the total magnetic field of several pieces of equipment.

In practical activities involving the modelling of the
propagation of magnetic fields of technological
equipment, the presence of electromagnetic background
from external sources in rooms and territories should be
taken into account.

Conclusions

1. Mathematical functions that are most suitable
for modelling the propagation of ultra-low frequency
magnetic fields have been determined. For dipole-type
field sources, the dipole moment of each source is
required. It is determined from experimental data on the

magnetic field strength of a typical source at a fixed
distance. For dipole-quadrupole, octupole, and other
types of magnetic field sources, it is advisable to use
Gauss's equation for scalar potential. This allows the
contribution of spatial harmonic fields to the total
magnetic field to be taken into account. To perform the
modelling, the value of the magnetic field intensity at the
base distance is required. The magnetic field source is
considered in a spherical approximation. The ratio of the
amplitude values of the higher harmonics relative to the
fundamental is determined.

2. Modelling the propagation of ultra-low
frequency magnetic fields around multiple sources shows
that even the total magnetic fields change non-
monotonically with distance from the field sources.
Determining the isolines of minimum magnetic field
values allows us to identify safe areas for people to stay
and move around. It is advisable to use areas of maximum
magnetic field intensity for the placement of protective
magnetic screens.

3. It has been shown that the spatial distribution of
magnetic fields of dipole-quadrupole type sources differs
in different planes of spherical coordinates. When
determining the spatial distributions of magnetic fields in
the planes where people are located, it is necessary to take
into account the orientation of the electric machine
relative to the plane, which is determined by the location
of the machine's poles. The number of spatial harmonics
taken into account in modelling is selected based on the
principle of reasonable sufficiency. Increasing the
number of harmonics taken into account reduces the
modelling error, but also leads to an increase in the
volume of calculations, which complicates the process of
optimising the placement of electrical equipment.
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B. A. I'nusa, I1. Mypp, 4. L. Bipyk, O. B. lons, P. M. JleBkiBchbkuii

AHoTanisi. MarHiTHI NOJS TEXHOTEHHOTO MOXOJ/DKEHHS € YUHHMKOM HETaTUBHOTO BIUIMBY Ha mozeil. IIpu HasBHOCTI
0araTeOX JpKepes MarHiTHOTO TOJIS IX CyMapHi 3HaYeHHs HerependadyBaHi. 3aKOHOMIPHOCTI TOMIKUPEHHS TOJIiB Pi3HOPITHUX
JDKepen Biapi3HsroThes. Lle yckiaaHioe nporec miiaHyBaHHs PO3MILICHHS €IeKTPUYHOr0 00J1a{HaHHS Ha BU3HAYEHHX IUTOIIAX.
Haii6inpm npuitHATHUM CIIOCOOOM MPOTHO3YBaHHS €JIEKTPOMArHiTHOI 0OCTAHOBKH Ha CTaJisIX HPOEKTYBAaHHS € MOJICIIOBAHHS
MOLIMPEHHS] MarHiTHUX IOJIB 0OaraTboxX JpKepesl. MeToro AOCTiIKeHHSI € MOJCTIOBaHHS IOLIMPEHHS MAarHiTHUX IOJIB
6araTbox JuKepes 3 pi3HUMHU 3aKOHOMIPHOCTSIMH 1X MPOCTOPOBUX MOIIUpeHb. Pe3yabTaTn qocaimkenns. Haiibinbm BaroMmum
YMHHUKOM TOCTIi{HOTO BIIMBY Ha JIFOJIEH € eeKTPOMArHiTHI MoJsk HaJHM3bKO1 yacToTh. IIpH 1[bOMY MarHiTHa CKJIaJoBa LUX
MOJIIB HE €KPaHyeTbCS Koprycamu obnagHaHHA. TOMy IOLIIBHO 3IiHCHUTH MOJICTIOBAHHS IOIIMPEHHS MArHIiTHOTO IOJIS.
[ToxazaHo, mo yci uKepesia MarHiTHOTO TOJS MOYKHA PO3TIIAJATH SIK KOMOIHAIII0 MarHITHUX JUITONIB. J{Is MOJIeNtOBaHHS
MOIMIUPEHHS. MarHiTHOTO MOJIS JUIIOJIBHOTO THILY BHKOPHCTAHO CITiBBIIHOUICHHS AJIsi BEKTOPHOI'O MarHiTHOTO MOTEHIialy.
MopentoBaHHs MOUIMPEHHS] MarHiTHUX IMOJIB JUIONBEHO-KBaAPYIOJIBHOTO THITYy NOLINBHO 3aCTOCyBaTh piBHsAHHA ['ayca s
cKalsipHoro mnorteHuiany. lLle no3Boyisie BpaxOBYBAaTH HAsBHICTh MPOCTOPOBHX TapMOHIK MAarHiTHOTO IOJis. 3AiHCHEHO
MO/JICTIIOBAHHS MOLIMPEHHS MAarHiTHOTO MOJIsl Yy IUIOMIMHI mepeOyBaHHs NioAed. BcraHOBIIEHO, IO HAaBiTh 3a HasBHOCTI
CYNepIIo3uLii MoiiB 3MiHa HANPYKEHOCTI MArHITHOTO TOJIS 3 BiICTAHHIO Bijl KOXKHOTO JDKepesia HEMOHOTOHHA. [CHYIOTh 30HH
MiHIMaJIbHOI Ta MaKCHMalbHOI Hampy>KeHOCTi mojs. le m03Boiisie Ha CTalisiX NPOEKTYBaHHS OAHO3HAYHO BH3HAYUTH 30HH
Ge3neyHoro nepeOyBaHHs JIOJCH Ta MicIsl pO3TallyBaHHs 3aXMCHHX MarHITHHX eKpaHiB. BH3HaueHO KpuTepii BpaXyBaHHS
HeoOXiTHOT KINBKOCTI MPOCTOPOBHX TapMOHIK MarHiTHOro moiisi. llell moka3HWK BH3HAYAETHCS BiTHOCHOIO BIJICTAHHIO BiX
JDKepena 1oy — 10 Horo po3MipiB y chepuuHomy HaOmmkeHHI. BucHoBku. BusHaueHi MatemarnyHi QyHKIIT, TOKIaneH] Y
NpOLIEC MOJCTIOBaHHS MOIIMPEHHSI MarHiTHUX MOJIB 6araTthoX Jukepes 3a0e3neuyroTh NPUHHATHY NOXHOKY MOJeTIoOBaHHs. Y
npoueci MOJIENIOBaHHS MOIIMPEHHS MAarHiTHHX MOJIIB KB3JAPYMOJBHOTO THITy Y BH3HAYEHIH IUIOLIMHI CIIii BpaxoByBaTH
IPOCTOPOBY OpieHTali0 Kepen noist. CTpyKTypa Hois Ui eNeKTPUYHHX MAlIMH Y TUIOLIMHI BU3HAYAETHCS OPIEHTALI€I0
MOJIFOCIB MAIIHU BiIHOCHO 0OpaHOT MJIOMUHH.

Kaw4oBi ciioBa: MOzeNOBaHHI; MarHiTHE M0JIC; AUIOJb; KBAJPYIIOIb.
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