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MODELING OF THE EXTERNAL MAGNETIC FIELD OF ELECTRIC MACHINES

Abstract. Powerful electric machines — such as electric generators, electric motors generate a magnetic field of great
tension. These fields negatively effect on personnel and can to violate the stability of electronic equipment. To determine
safe areas for workers, laying communication cables and placing sensitive electronic equipment, it is advisable to model the
propagation of magnetic fields of electrical machines. This will make it possible to rationalize the placing of electrical
equipment at design stages. The most common high-power electrical machines are four-pole electrical machines with a
dipole-quadrupole structure of the external magnetic field. The purpose of the research is a development of models of the
propagation of the external magnetic field generated by alternating current electric machines. Results of the research: it is
substantiated that to simulate the propagation of the magnetic field of electric machines, it is advisable to use the Gauss
equation for the magnetic scalar potential. This will make it possible to take into account the required number of spatial
harmonics of the magnetic field to ensure an acceptable calculation error. An electric machine is considered in a spherical
approximation. Calculations were carried out in spherical coordinates. The distances were determined in relative radii of the
electric machine - the ratio of the radius of the machine to the definition of field strength. The calculations were made for
two planes of spherical coordinates and a three-dimensional image was obtained. As a result of the simulation, it is possible
to determine the magnetic field strength of a four-pole electric machine at selected distances and directions around the electric
machine with the required accuracy. It has been established that there are points of zero external magnetic field strength
around electrical machines. Verification of the simulation results was carried out using the method of full-scale measurements
of the magnetic field strength around a real four-pole machine. The measurement results showed acceptable agreement with
the calculated data. Conclusions: the chosen approach and the results of modeling the propagation of the external magnetic
field of electrical machines can be used to design the placement of electrical equipment, taking into account the requirements
for electromagnetic safety and electromagnetic compatibility of technical equipment.

Keywords: electric machines; magnetic fields; modeling of propagation.

advisable to investigate the possibility of using the Gauss

Introduction equation for the scalar magnetic potential. This approach

Alternating current electric machines are very
widespread electrical equipment. This is electricity
generating equipment, electric drives for industrial and
household use. Powerful electrical machines generate
high-intensity external magnetic fields, which can have a
negative impact on enterprise personnel and the public.
In addition, magnetic fields from electrical equipment
can disrupt the performance of electrical and electronic
equipment, which does not meet modern electromagnetic
compatibility requirements. All standard electrical
machines have typical spatial structures of the external
magnetic field, so any changes in its distribution indicate
abnormal phenomena inside the machine (for example,
interturn short circuits in the winding). Correct modeling
of the propagation of an external magnetic field will
allow solving of several applied problems: determining
zones of safe stay and movement of people near electrical
machines, determining the compliance of magnetic field
strengths with the requirements of electromagnetic
compatibility of equipment and providing a tool for
diagnosing the technical condition of electrical machines.
Modeling the propagation of magnetic fields will make it
possible to determine the placement of equipment at a
stages of design work in accordance with the
requirements  of  electromagnetic  safety  and
electromagnetic compatibility of electrical and electronic
equipment. The main conditions for the correspondence
of models to the real patterns of propagation of magnetic
fields is the determination of the correct mathematical
apparatus used to create software for modeling and
modeling errors. For execution these conditions, it is

will allow us to take into account the influence of spatial
harmonics of the magnetic field at its level, spatial
distribution and the required number of harmonics
depending on the size of the electric machine. Easy-to-
use software will allow you to select the modeling error
based on the principles of reasonable sufficiency.
Modeling will allow you to choose a rational relative
arrangement of equipment from the point of view of
minimizing the influence of magnetic fields on people
and the stability of electronic equipment in a complex
electromagnetic environment.

Analysis of studies on modeling the propagation
of magnetic fields of electrical equipment

The strengths of electric and magnetic fields of
electrical and electronic equipment, as well as the total
values of the fields of many sources, are regulated by the
requirements of the European Electromagnetic Safety
Directive [1], in particular, the mandatory annex to it
developed by the International Commission on Non-
lonized Radiation. At the same time, certain
requirements for radiation and resistance to
electromagnetic interference are imposed on electrical
and electronic equipment [2, 3]. At the same time,
electrical and electronic equipment is subject to certain
requirements for emissions and immunity to
electromagnetic interference [2, 3]. Preliminary
determination (prediction) of the electromagnetic
situation when designing the placement of sources of
electromagnetic fields in premises at the design stages is
possible only by modeling the propagation of fields. At
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the same time, certain requirements for radiation and
resistance to electromagnetic interference are imposed on
electrical and electronic equipment [2, 3]. In the low-
frequency part of the electromagnetic spectrum, the
greatest practical importance is to determine a
propagation of a magnetic component of an
electromagnetic field of industrial frequency 50/60 Hz.
An electrical component of such field is mainly shielded
by the metal casings of the equipment, which have
virtually no effect on the magnetic field strength. In
addition, it is believed that the man-made magnetic field
is more harmful to the human body.

Works on modeling magnetic field propagation
conventionally can be divided into two categories: the
field inside electrical equipment and the external
magnetic field. Research into the distribution of the
magnetic component of the electromagnetic field inside
equipment is aimed at reducing energy losses and
increasing the efficiency of equipment [4, 5]. In these
studies, the commercial package COMSOL was used to
model the magnetic field distribution. This is most
preferable to ensure low modeling error in confined
spaces of the transformer and high voltage cable. To
model the propagation of the magnetic field of linear
sources (overhead power lines), the method of reflection
and determination of the magnetic field strength
according to the Biot-Savart law is usually used [6, 7].
More accurate modeling of the magnetic field of a three-
phase overhead line is achieved by considering the
parallel wires of the line as a sequence of magnetic
dipoles [8]. The MATLAB package was used in all these
cases, but this approach is not acceptable for modeling
the propagation of a magnetic field of complex
configuration. Studies [9, 10] show the possibility of
considering the field of any source as a combination of
magnetic dipoles, which can be useful for determining
the structure and propagation of magnetic fields of
electric machines. The study [11] began to apply the
Gauss equation for the scalar magnetic potential to
determine the propagation of the magnetic field. It is also
shown that the magnetic field of a four-pole electric
machine has a dipole-quadrupole structure. This
approach was implemented in [12, 13]. But modeling
using the Gauss equation was carried out only in
individual directions for certain fixed angles in polar
coordinates, and the total magnetic field was presented in
a qualitative (sketch) form.

To obtain easy-to-use two- and three-dimensional
models of magnetic field propagation around electrical
machines, it is necessary to determine a sufficient
number of spatial harmonics of the magnetic field and the
step of determining the intensity, for example, by angles
in polar coordinates. It is necessary to ensure that a
separate zone can be identified around the most critical
electrical machine. Some articles discuss methods for
adaptive resource allocation in cloud environments [14,
15], neural networks [16, 17] and the Internet of things
[18, 19], which can be used in further research.

Purpose and objectives of the research. The
purpose of the study is to simulate the propagation of an
external magnetic field generated by AC electrical
machines.

To achieve this aim, the following tasks were
identified:

— selection of mathematical relationships and
initial conditions underlying the modeling of the
propagation of the external magnetic field of alternating
current electric machines, the necessary critical
parameters that ensure acceptable calculation errors,
selection of software;

— creation of two- and three-dimensional models
of external magnetic fields around the most common AC
electrical machines, ensuring an acceptable modeling
error depending on the relative size of the electric
machine (the ratio of the size of the machine to the
distance at which the magnetic field strength is
determined).

Definition of mathematical functions for
modeling the propagation of magnetic fields

The most common AC electrical machines are four-
pole machines. Theyse include all turbogenerators, which
are synchronous four-pole machines. So machines have
the form of a magnetic field inherent in a quadrupole.
Smaller machines may have eight poles and an octupole
magnetic field shape. To model the propagation of
magnetic fields and determine their strengths at any
point, it is advisable to take into account the spatial
harmonics of the magnetic field.

An electric machine can be considered in a spherical
approximation (it is considered spherical, which is
acceptable from the point of view of calculation error) [21].

Calculations are  performed in  spherical
coordinates. The field strength at each point of the
external magnetic field is the geometric sum of the radial
and angular components of the magnetic field strength
Hr, Ho, Ho. The value of amplitudes of spatial harmonics
anm on the base sphere Ro=1 (machine radius) is used in
practical calculations.

Magnetic field strength values are calculated
sequentially for certain relative distances to the electrical
machine Ro/R, where R is the actual distance.

Accurate determination of changes in magnetic
field level with distance is useful using the Gauss
equation for the scalar magnetic potential. In spherical
coordinates R, 0, @, the source magnetic field distribution
function has the form:

n+l

0,55

n=1
n
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m=0

where Rg is the radius of the sphere of determination of
the potential, anm, bam are constant coefficients, and is the
Legendre polynomial.

In this case, R > Ro coordinates a, b are the
amplitudes of the spherical harmonics of the magnetic
field strength in the sphere Rq.

The magnetic field strength (induction) is
determined from the above equation based on the
fundamental relationships:

H=-gradU,,; B=uoH;
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These relationships indicate that the magnetic field
strength decreases with distance, and this decrease is
proportional to the increase in the harmonic index n.

Thus, based on the assigned tasks, it is advisable to
consider the first spherical harmonics, which correspond
to the slightest decrease in the magnetic field level with
distance.

These are the dipole harmonic (n=1) and the
quadrupole harmonic (n = 2).

The radial component of the magnetic field is
determined from the given relations by a standard
procedure using Legendre polynomials in the usual form.

Forn=1:
3
HD = ZXE&j x
R

x(y, C0S 0+ ay; COS psin 0+ by sin psin 6).

Forn=2:
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These radial harmonics decrease with distance from
the field source in proportion to the third and fourth
powers of the radius.

A four-pole electric machine, in this case a
turbogenerator, is a source of a magnetic field of the
dipole-quadrupole type, that is, a source that has dipole
and quadrupole spherical harmonics of the field. The
magnetic field around such a source is characterized by

the sum of harmonics H{"™ and H{"=?

The final value of the radial component (change in
magnetic field strength with distance) of a four-pole
electric machine is determined from the relationship:

3 4
R . R
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where aj; is the amplitude of the dipole harmonic of the
magnetic field, az is the amplitude of the quadrupole
harmonic.

For a real average power electric machine:

a11~400 A/M, a2,~800 A/m.

Based on the values of these coefficients, the
magnetic field propagation is modeled.

Modeling of spatial changes in the strength
of the external magnetic field of
a four-pole electric machine

A web application was developed in which the
calculation part was performed using the Python
language.

Calculations for visualization of simulation results
are performed for angles gand 6 polar coordinates
ranging from 0 to 2n. The step for determining the
magnetic field strength (number of points) is selected
depending on the required accuracy (acceptable error).

The distances to the points for determining field
strengths are selected based on the radius of the base
sphere (the size of the electric machine in a spherical
approximation). Calculations are made for the ratio Ro/R,
that is, the distance is chosen in radii of the electric
machine. Calculations were made for distances Ro/R=1/2
and Ro/R=1/5.

In Fig. 1 shows the magnetic field strength in the ¢
and 6 planes and a three-dimensional representation of
the spatial distribution of the field.

In Fig. 2 shows the magnetic field strength for the
distance Ro/R = 1/5.

The presented representations are not always
convenient for the practical application of models.
Therefore, we visualized the change in the magnetic field
in a fixed direction (for a certain angle) when changing
another angle of polar coordinates for the distance
Ro/R=1/2 (Fig. 3).

As can be seen from the obtained dependencies, the
magnetic field strength changes differently in different
directions.

This is explained by the complexity of the dipole-
quadrupole field configuration. A significant practical
result is the presence of certain angles of points of zero
magnetic field strength [17]. So, for example, for ¢=n
and ¢=2r the points of zero field strength correspond to
0 values in &t times.

Verification of the simulation results was carried
out using the method of full-scale measurements of a real
four-pole electrical machine.

In Fig. 4 presents the results of measuring the
magnetic field strength with distance from the electrical
machine.

As can be seen from the results presented, the
dependence of the magnetic field strength on the distance
to the electric machine is non-monotonic. Near the
machine there is at least one point of minimum tension.
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Fig. 2. Spatial distribution of the magnetic field strength
of a four-pole electric machine at a relative distance Ro/R=1/5:
a —magnetic field strength in the ¢ plane,
b — magnetic field strength in the 6 plane, ¢ — three-
dimensional representation of the field distribution

Fig. 1. Spatial distribution of the magnetic field strength
of a four-pole electric machine at a relative distance Ro/R=1/2:
A — magnetic field strength in the ¢ plane,
b — magnetic field strength in the 0 plane, ¢ — three-
dimensional representation of the field distribution
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Fig. 3. Changes in the magnetic field strength
of an electric machine in fixed directions:
a, b, c correspond to angles ¢=0; n/2; &
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Fig. 4. Changing the magnitude
of the magnetic field strength of the electric
machine |H| with distance R from the body

Non-zero values of magnetic field strength can be
explained by the presence of an electromagnetic
environment - magnetic fields from other sources [18].
But the resulting curve indicates the adequacy of the
modeling.

Discussion of the research results

As a result of the research, it was established that
modeling the propagation of the external magnetic field
of electric machines has acceptable convergence with
experimental data. This allows you to design the
placement of electrical equipment with minimal
influence of magnetic fields on personnel.

Determining zones of minimum magnetic field
strengths allows you to select locations for laying
communication cables and placing electronic equipment
in compliance with electromagnetic compatibility
requirements. The availability of data on the distribution
of magnetic field strengths in individual planes and
directions simplifies the application of the results in
engineering practice.

Based on deviations of the magnetic field structure
from the standard configuration (for example, zero field
points), one can conclude that abnormal phenomena have
occurred inside the electrical machine. The obtained data
can be used in the processes of reconstruction of energy
facilities.

The orientation of the poles of an electric machine
has a significant impact on the strength of magnetic fields
in the planes of people’s presence. Therefore, by orienting
the entire electrical machine, it is possible to ensure
minimum values of magnetic fields in the planes of
residence and magnetically sensitive equipment.

The fulfilled work has certain limitations and
disadvantages. A promising area of the researches is a
creation of a database on the propagation of magnetic
fields around electric machines of different sizes. It is
possible by developing criteria to take into account a
certain number of spatial harmonics of the magnetic field
to ensure an acceptable calculation error. It is advisable
to develop models of the propagation of magnetic fields
around eight-pole electrical machines, which can be of
great practical significance.

Conclusions

1. The Gauss equation for the magnetic scalar
potential is advisable to use for simulating the
propagation of an external magnetic field of alternating
current electric machines. Taking into account the
presence of spatial harmonics of the magnetic field
allows to reduce the errors of the results obtained and
determined the required number of spatial harmonics
depending on the relative dimensions of the electric
machine (the ratio of the size of the machine to the
distance to the point at which the magnetic field strength
is determined).

2. Obtaining two and three-dimensional models of
magnetic field propagation provides possibility to select
orientation planes of an electric machine with minimal
influence of magnetic fields on personnel and sensitive
electronic equipment. Based on the deviation of the
magnetic field structure from that determined by
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modeling, it is possible to diagnose the technical measurements of magnetic field strengths has proven
condition of the electric machine. Verification of acceptable convergence of models with real propagations
modeling results using the method of full-scale of magnetic fields around electrical machines.
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Mopaen0BaHHs 30BHIIHBOI0 MATHITHOTO NMOJISA €JIeKTPUYHUX MAIIHH
JI. O. Jlepuenko, H. M. Aymesa, H. B. Kapaesa, B. A. I'muBa, H. b. Bypneitna

AHoTanisi. AKTyadbHicTh. [ToTyXHI eleKTpUYHI MAllMHU — TaKi 5K eJIEKTPOreHepaToOpH, eIEKTPOABUIYHH CTBOPIOIOTH
MAardiTHe TMoJjie BENMHKOI Hampy)keHocTi. L{i 1oy HeraTHBHO BIUTMBAIOTH Ha MEPCOHAT i MOXYTh HMOPYLIUTH CTaOUIBHICTE pOOOTH
CJIEKTPOHHOTO OONamHaHHA. [l BU3HA4eHHs OE3MEYHUX 30H JUIS TPAIiBHUKIB, TPOKIAAKHA KaOelmiB 3B'SI3Ky Ta PO3MIIICHHS
Yy TJIMBOTO E€IEKTPOHHOTIO 00JIa/IHaHHS JOLIIBHO 3MOIEIIOBATH MTOIIMPEHHS MarHiTHHX TIOJIIB €NeKTPHYHNX MamuH. Lle 103BoanTh
parioHai3yBaTH PO3MIILIEHHS eNeKTPOOoOIaiHaHH Ha eTamnax MPOeKTyBaHHsS. HaimommpeHimiMu eNeKTPUYHUMH MallHHAMH
BEJIMKOI IIOTY)KHOCTI € YOTHPHIIOIIOCH] EJIEKTPHYHI MAIIHH 3 IUII0JIb-KBaIPYIIOIBHOIO CTPYKTYPOIO 30BHILITHBOTO MarHITHOTO MOJISL.
MeToro qocaiaKeH sl € po3poOKa MO OIHUPEHHS 30BHIITHHOTO MAarHITHOTO MOJIsI, CTBOPIOBAHOTO CJICKTPUYHUMH MalllMHAMHA
3MIHHOTO CTpyMy. Pe3yibTaTH DOCHiIKeHHs: OOIPYHTOBaHO, LIO IS MOJCTIOBaHHS PO3MOBCIO/DKCHHS MAarHiTHOTO IO
CJICKTPUYHUX MAIlMH JIONUIBHO BHKOPHCTOBYBATH DIBHSHHS [ayca s MarHiTHOrO CKaJsgpHOro mnoTeHmjamy. Ile mo3BoianTh
BpaxyBaTH HEOOXiJHY KUIBKICTh MPOCTOPOBHX T'apMOHIK MAarHITHOTO TOJS Uil 3a0e3MeveHHs] IPUHHATHOI TOXUOKH PO3PAXyHKY.
EJfeKTpuyHy MallMHy pO3IIISIA0Th y chepHIHOMY HaOMmKeHHI. Po3paxyHKH MpOBOIMINCH Y cHepUUHHX KOOpaMHaTax. Bincrani
BH3HAYAJIMCS Y BIJHOCHUX pajiycax eNeKTPUYHOI MAlIMHH — BiJHOIIEHHI pajiyca MaIlMHK /10 BU3HAYCHHS HAIPYKEHOCTI MOJIS.
Po3paxyHKH TPOBOAMJIMCH UL JBOX IUIONIMH CQEpUYHMX KOOpJMHAT i OTPUMAaHO TPUBHMIpHE 300paxkeHHs. B pesynbrati
MO/IeTIOBaHHS MOYKHA 3 HEOOXiTHOIO TOYHICTIO BU3HAYUTH HAIPYIKEHICTh MarHITHOTO MOJIS1 YOTUPHIIOIIOCHOT eIEKTPHYHOT MAILIMHA
Ha 00paHKX Bi/ICTAHSX | HAIPSIMKAX HABKOJIO €IEKTPUYHOT MAIlIMHU. BCTaHOBIIEHO, 1110 HABKOJIO EJICKTPUYHUX MAIlIMH iCHYIOTh TOYKH
HYyJIbOBOi HAIPYKEHOCTi 30BHILIHBOTO MarHiTHOro moss. IlepeBipky pe3ynbTaTiB MOJETIOBAHHS MPOBOAMIM METOOM HaTypHUX
BUMIpIOBaHb HAIPY>KEHOCTI MArHiTHOTO MOJISI HABKOJIO PeajbHOI YOTHPHUIIOMIOCHOT MAaIlMHH. Pe3ynabTaTti BUMIPIOBaHb MMOKa3aiu
NPUITHATHUIN 30ir 3 pO3paXyHKOBHMH JJaHUMH. BUCHOBKH: 00OpaHHMii MifXi/ Ta pe3yabTaTH MOJIEIIOBAHHS OLIMPEHHS 30BHIIIIHEOTO
MAarHiTHOTO MOJS ENEKTPHYHUX MAIlMH MOXKYTh OyTH BHKOPUCTaHI JUII HPOEKTYBaHHS PO3MIIICHHS EJIEKTPOOOIamHAHHS 3
ypaxyBaHHSIM BUMOT €JICKTPOMArHITHOT O€3IIeKH Ta eIeKTPOMAarHiTHOT CyMiCHOCTI TEXHIYHOTO 00JIaAHAHHSI.

Knw4oBi caoBa: enekTpuyHi MalllMHU; MarHiTHI MOJIS; MOJICTIOBAHHSI [IOIINPEHHSI.
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