ISSN 1607-6761 (Print) «EJEKTPOTEXHIKA TA EJIEKTPOEHEPTETUKA» Ne4 (2023)
ISSN 2521-6244 (Online) Po3ain «EnekrporexHika

UDK 621.316.13

INVESTIGATION OF ELECTROMAGNETIC PROCESSES IN THE CASE
OF STATIC ECCENTRICITY OF A TWO-POLE INDUCTION MOTOR
WITH A SHORT-CIRCUITED ROTOR

KOTSUR I.M. PhD, Associate Professor of the Electrical Machines Department, National
University "Zaporizhzhia Polytechnic", Zaporizhzhia, Ukraine, e-mail:
igor.m.kotsur@gmail.com , ORCID: https://orcid.org/0000-0001-6394-7849 ;

KOTSUR M.I. PhD, Associate Professor of the Electrical and Electronic Devices Department,

National University "Zaporizhzhia Polytechnic", Zaporizhzhia, Ukraine, e-mail:
kotsur m@ukr.net, ORCID: https://orcid.org/0000-0002-0072-5437;

YARYMBASH D.S. Dr. Sc. (Tech.), Professor, Head of the Department of the Electrical Machines
Department, National University "Zaporizhzhia Polytechnic", Zaporizhzhia,
Ukraine, e-mail: yarymbash@gmail.com, ORCID: https://orcid.org/0000-0003-

2324-9303;
DYVCHUK T.Ye. PhD, Associate Professor of the Electrical Machines Department, National
University "Zaporizhzhia Polytechnic", Zaporizhzhia, Ukraine, e-mail:

tetiana.divchuk@gmail.com, ORCID: https://orcid.org/0000-0002-8779-2615;

BEZVERKHNIA Yu. S. PhD, Associate Professor of the Electrical Machines Department, National
University "Zaporizhzhia Polytechnic", Zaporizhzhia, Ukraine, e-mail:
juliakafedraem@gmail.com , ORCID: https://orcid.org/0000-0002-8779-2615;

OZEROV V .S. Master of the Department of Electric Machines at Zaporizhzhia National University
'Zaporizhzhia Polytechnic', Zaporizhzhia, Ukraine, e-mail:
vovavorobiov@gmail.com, ORCID: https://orcid.org/0009-0009-8059-7911

Purpose. Correction of the mathematical model of electromagnetic processes in a two-pole induction motor with a
short-circuited rotor, taking into account static rotor eccentricity to identify diagnostic correlations.

Methodology. Analytical modeling using the method of specific magnetic conductivity, mathematical modeling of
electromagnetic fields in a three-phase induction motor with a short-circuited rotor using methods of electromagnetic
field theory and finite element methods.

Obtained results. The necessity of improving mathematical models for induction motors with short-circuited rotors
to establish new or refine connections between diagnostic features and diagnosed defects has been demonstrated. Re-
fined mathematical expressions for calculating the specific conductivity of non-uniform air gaps in induction motors
with static eccentricity are provided. Modeling was performed using the FEMM environment for a statically eccentric
two-pole induction motor with a short-circuited rotor. It has been proven that the harmonic order values obtained using
the numerical-field method are consistent with those obtained analytically.

Findings. Based on the field approach and using the finite elements method, an analysis of the distribution of mag-
netic field in a two-pole induction motor with a short-circuited rotor was conducted. Harmonic analysis of the magnetic
field in the air gap was performed to identify the fundamental harmonic and higher and lower-order harmonics when ec-
centricity occurs. The influence of static rotor eccentricity on the electromagnetic processes of the induction motor was
analyzed.

Practical value. The results of the study can be utilized for functional diagnosis of the rotor winding of induction mo-
tors based on the radial component of the magnetic field. This will contribute to enhancing the reliability of induction mo-
tors and enable the prevention of failure in induction motors with short-circuited rotors.

Keywords: induction motor, static eccentricity, mathematical model, Fourier series, error, magnetic conductivity,
amplitude, harmonic.

I. INTRODUTION increasing attention to the diagnosis of induction motors
(IM) aimed at preventing sudden failures and improving
the technical and economic performance of their utiliza-
tion. In induction motors (IM), rotor eccentricity often
occurs, which is accompanied by non-uniformity in the

Induction motors (IM) with short-circuited rotors are
widely utilized across various industries for electricity
generation and as electric drives. Recently, there has been
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air gap. [1]. According to various sources [1], from 20 to
40% of failures in induction motors are attributed to ec-
centricity, which can be caused by manufacturing techno-
logical errors, wear during usage, violation of operating
conditions, and due to poor repair quality.

In general, there are two types of eccentricity: static
eccentricity (which remains unchanged in time and space)
- the eccentric position of the rotor in the stator slot; and
dynamic eccentricity - the misalignment of the rotor sur-
face with respect to its axis of rotation.

The practice of operating induction motors shows
that a significant portion (up to 50%) [4] — [7] operates
for extended periods with static eccentricity (SE) of the
rotor, which significantly exceeds their technological ec-
centricity (tolerated during manufacturing). The static
eccentricity (SE) of the rotor in induction motors can be
caused by inaccuracies in the manufacturing of bearing
shields and stators, incorrect centering of the rotor, and
misalignment of the drive mechanism. Static eccentricity
(SE) in induction motors can also occur during operation.
In this case, its appearance may be caused by bearing
wear or damage, displacement of supports, or external
forces acting on the rotor shatft.

The operation of induction motors with rotor static
eccentricity (SE) within the air gap does not immediately
lead to its failure, but it does result in deterioration of
electromechanical characteristics, energy performance,
and consequently, an increase in additional energy losses.
Rotor eccentricity in induction motors is accompanied by
non-uniformity in the air gap, which, in turn, leads to the
emergence of additional magnetic fields.

Distortion of the magnetic field in the air gap creates
unidirectional magnetic pull [9], resulting in a decrease of
maximum and starting torques within 20% and 8% re-
spectively, while slip increases by 10% [11]. Local heat-
ing and motor vibration increase, and additional harmonic
components appear. As a result, the reliability and service
life of the induction motor decrease. With significant dis-
placement, the rotor begins to come into contact with the
stator (see Figure 1), leading to significant heating of their
cores, melting or damage to the "squirrel cage". This ac-
celerates the deterioration of the stator winding insulation
with subsequent short-circuiting within it. Typically, the
cost of a major repair of the motor after such damage is
comparable to the cost of the motor itself.

In the study [4], the authors noted that general-
purpose two-pole induction motors with medium power
ratings up to 1000 V, after the first rewinding of the wind-
ings, subsequently experience a much higher frequency
and intensity of sudden failures, mainly associated with
static eccentricity (SE) [4].
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Figure 1. Contact of the rotor with the stator of the in-
duction motor due to the presence of static eccentricity

Timely detection of the presence and magnitude of
rotor eccentricity will not only reduce electricity con-
sumption but also prevent damage to the IM motor.

II. ANALYSIS OF LAST RESEARCHES

There are several main methods of diagnosing elec-
tric motors: vibration analysis, electromagnetic (based on
measuring electromagnetic fields), and thermal methods.

Electromagnetic diagnostics are based on measuring
electromagnetic fields and are quite relevant as they pro-
vide accurate diagnostics without direct access to the in-
duction motor. They are based on the principle that any
disturbances during the operation of the electrical or me-
chanical components of the AC motor directly lead to
changes in the magnetic fields in the air gap. In the work
[11], a methodology for diagnosing the wear of sleeve
bearings in AC motors is proposed based on changes in
the amplitude values of electromagnetic induction in the
air gap of the motor. In this case, the diagnosis of the
bearing condition is carried out during the operation of
the electric motor.

The magnetic field in the air gap of the electric mo-
tor can be accurately modeled using the method of spe-
cific magnetic conductivity [1].

For mathematical modeling of the air gap at various
values of eccentricity, it is necessary to consider the de-
pendence of the specific magnetic conductivity of the gap
on the rotor angle rotation.

Traditionally, to calculate the specific magnetic con-
ductivity of a smooth air gap with rotor eccentricity
mathematical expressions obtained by expanding into a
Fourier series are used [4]. In article [5], a specific case is
considered where eccentricity occurs when one of the
rotor supports is removed. Therefore, a modeling ap-
proach is proposed by expanding into a Fourier series the
dependence of the average value (for all laminations of
the rotor core) of the specific magnetic conductivity of the
air gap on the angle along the air gap, taking into account
the serration of the air gap.

Other variants of eccentricity, such as radial dis-
placement of the rotor axis relative to the longitudinal
axis of the stator, are not considered. In all cases, only the
zeroth and first terms of the series are considered.

Despite the thorough examination of specific aspects

of modeling the magnetic permeance in the air gap under
rotor eccentricity, the complete picture of determining the
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specific magnetic conductivity of this gap is not fully re-
vealed, especially at high values of eccentricity.

There is a sufficient number of modern computer
programs that implement the solution of electromagnetic
field differential equations using the finite element
method, such as ANSYS, Maxwell, FEMM, and others.
In this work, calculations of magnetic presence are carried
out using the FEMM program, which has several advan-
tages, such as simplicity, low system requirements, and an
open license.

A significant number of scientific works [2] — [7] are
dedicated to the study of electromagnetic processes in
squirrel-cage rotor induction motors with eccentricity. A
distinctive feature of publications [6] —[12] is the applica-
tion of field methods for analyzing electromagnetic proc-
esses in induction motors, with the determination of influ-
encing factors. This ensures the identification and justifi-
cation of reliable diagnostic signs of rotor eccentricity.

For the improvement of electromagnetic diagnostics,
detailed research and analysis of electromagnetic proc-
esses in squirrel-cage rotor induction motors with static
eccentricity are necessary. This requires numerical-field
determination of electromagnetic and energy parameters.

III. FORMULATION OF THE WORK PURPOSE

The aim of the study is to improve the mathematical
model of electromagnetic processes in a two-pole squir-
rel-cage induction motor with a short-circuited rotor, con-
sidering static rotor eccentricity, in order to establish new
or refine existing relationships between diagnostic indica-
tors and diagnosed defects.

IV. EXPOUNDING THE MAIN MATERIAL AND
RESULTS ANALYSIS

Static eccentricity occurs when the rotor axis is dis-
placed radially or angularly relative to the longitudinal
axis of the stator, while the stator and rotor axes remain
mutually immobile [13].

The magnitude of the relative static eccentricity is
typically accepted as:

(1)

where d - the displacement of the rotor axis from the sta-
tor axis; J,, — the magnitude of the nominal air gap be-
tween the rotor and stator in concentric position

In static eccentricity, the air gap magnitude is solely
a function of the rotor position (angle of rotor rotation).
The configuration of the air gap and its minimum value
remain unchanged over time [14]:

5(a) =0, '(1 -&- cos(a))

The variation of the air gap magnitude under static
eccentricity is depicted in Figure 3.
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Figure 2. Schematic diagram of the motor under static
eccentricity
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From Figure 2, it follows that under static eccentric-
ity, in the regions of (0, 90) and (270, 360) degrees, the
magnitude of the air gap is less than that in a motor oper-
ating normally, leading to a decrease in specific magnetic
conductivity (Figure 4).

According to the specific magnetic conductivity
method, the magnetic field in the air gap is determined by
the expression [8], [14] - [17]:

Bs(a)=Fla.t)- As(a.t) )

where F (a,t) — the magneto motive force in the air gap
(generally equal to the sum of the reluctances of the stator
winding and the rotor cage), A; « — angular coordinate
from the inner circle of the stator ; A5 — specific mag-
netic conductivity of the air gap, H/m” .

In the presence of eccentricity in the air gap, addi-



ISSN 1607-6761 (Print)
ISSN 2521-6244 (Online)

«EJIEKTPOTEXHIKA TA EJIEKTPOEHEPTETHUKA» Ne4 (2023)

Po3ain «EaxekTporexHikay

tional conductivity harmonics arise, which are deter-
mined by expanding the conductivity of the non-uniform
gap into a Fourier series [7], [18]:

A(a)=&~ iﬂk -cos(k - a)

Sm k=0

)

where 4, — the amplitude of the k-th harmonic of conduc-
tivity of the air gap.

The dependency of the specific magnetic conductiv-
ity of the smooth air gap on the angle during rotor eccen-
tricity according to [4] is given by:

MO 1
Sy 1-&-cos(a)

4)

Expanding the second multiplier of this expression
into a Fourier series, have:

o0
A(a):&(ﬁw + > A ~cos(k-a)J Q)
é‘m k=1
where the general term of the series is
k

(1 —VI-¢’ )
=2l ©)

e N1-£7

By the d'Alembert criterion, the series converges
when & <1 [19].

The results of modeling the specific magnetic con-
ductivity of the air gap in the form of a Fourier series are
graphically represented in Figure 3 and Figure 4.
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Figure 4. Dependence of the specific magnetic conductiv-
ity of the air gap on the eccentricity for different numbers
of terms in the series
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The dependence of the specific magnetic conductiv-
ity of the air gap A(g) on the eccentricity exhibits a
strongly pronounced non-linear character. If only the first
two terms of the series are considered, starting from a
value of £=0.5 If only the first two terms of the series are
considered, starting from a value of A(g) sharply de-

creases. For example, at & =0.9 the error in determination
will reach 40%. Accounting for the third and fourth terms
of the series reduces it by more than 10 times (to 8%).

In Figure 4, the results of modeling the distribution
of the specific magnetic conductivity of the air gap as a
function of the geometric angle « in the polar coordinate

system for different numbers of series terms are present-
ed.

The spatial distribution of the magnetic field induc-
tion in the air gap at p=1 according to [4] and considering
the expansion of the specific conductivity of the non-
uniform gap into a Fourier series:

A
B(“)Zg—o'ﬁo Fyp - (cos(ar) - =

+
m 2'2“()
o Ak A A
+ ccosla-k+1))— -cos\ka 7
D e )| K

Based on this expression, harmonics of order p=l
arise in the air gap due to the eccentricity, which rotate
induct only with the rotor, caused by the components of
the magnetic conductivity. When considering all the terms
of the expansion A(a) expanding into a Fourier series,

we obtain that in the air gap of the machine, harmonics
with the number of pole pairs p£k (where k = 1, 2, 3...)
and the order v=/+k/p are present, caused by periodic
changes in magnetic conductivity.

In Figure 5, the results of modeling the distribution
of the magnetic field induction in the air gap at p=1 as a
function of the geometric angle « are presented in the
polar coordinate system for different numbers of series
terms.

To calculate the magnetic field using the finite ele-
ment method in the FEMM program, a model of the ac-
tive part of the IM in its cross-section has been created.
The physical-geometric model of the active part of the IM
is presented in Figure 4. The algorithm for its formation
and justification is described in detail in [3].

Numerical calculations of the magnetic field and de-
termination of the necessary electromagnetic parameters
were automated using a specially created script in the Lua
programming language, integrated into the FEMM pro-
gram, and presented in the polar coordinate system.



ISSN 1607-6761 (Print) «EJIEKTPOTEXHIKA TA EJIEKTPOEHEPTETHUKA» Ne4 (2023)

ISSN 2521-6244 (Online) Po3ain «EaxekTporexHika»
%
120 60
150 30
180 0
210 330
240 300

270

e\

s ]
e A2
e A3

Figure 7. Physical-geometric model of the active part of

Figure 5. The dependence of the specific magnetic con- the AC machine

ductivity of the air gap on the geometric angle for differ-

ent numbers of series terms The differential equation of the stationary magnetic

field in the transverse cross-section in the polar coordinate
system looks like this [6], [9], [19]:

L2l ]t 2 [
r or or 72 O op

where A4,, J, - axial components of vector magnetic

potential and vector current density u specific magnetic
resistance (determined by the magnetization curve of the
material H (V).

During the calculation of the magnetic field propa-
gation, it is limited to the outer surface of the stator core,
where a Dirichlet boundary condition is specified:

A =0 ©9)

A symmetrical three-phase system of phase currents
is specified in the stator winding:

isg = Iy - cos(ay 1) (10)
. 2
ijg =1, -cos a)s~t—§~zr (11)
e B . 4
re B 15 igc =1, -cos a)s~t—§~7r (12)
e B 25
e=e B3

where ¢ — time; /,,— the amplitude of the current;
Figure 6. Distribution of magnetic field induction in the — %s = 2:7 fy—angular frequency.

air gap at p=1 as a function of the geometric angle & in At the initial moment when =0 the currents in phase
the polar coordinate system for various numbers of series  windings A, B are as follows:

terms
Isq = Iins (13)
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I =lgc =—0.5-1 4 (14)

A polyphase system of instantaneous current values
in the bars of the short-circuited rotor is formed:

irj:\/E'Ir'sm(p'[(j_])'arn+asr+ar1]) (15)

where k=12,...,0,— number of the slot; /,, = x/E-I, —
the amplitude of the phase currents of the rotor; a,; — the
coordinate of the first slot (on Figure 1 a,;=0);

a,, = 36%r — the angle of mutual slot displacement.
The magnetic induction, calculated based on the dis-

tribution of the magnetic potential using the general ex-
pression:

B=rotlk-4.) (16)
Its components in polar coordinates
04 04
B.=—%;,B,=——= 17
" roa " or {17

From the numerical field calculation, we obtain the
electromagnetic torque, which is determined through the
Maxwell stress tensor:

My, :Z—a Ir'fTadSZ
(rs_rr)SJ
la 27Ty
= r-B.-B, drda (18)
ﬂO'(”s_rr) g rJ; e

where B, and B, — the radial and tangential components
of the magnetic induction; uy=4-7-1 077% — mag-
netic permeability; . and r, — radii of the circles bound-
ing the transverse area of the air gap S5 from the rotor

side and the stator side.

The investigation was conducted using an induction
motor with a squirrel-cage rotor of type 4A225M2U3,
with a power rating of 55 kW, and a number of pole pairs

p=1, the nominal voltage U =380/660B, n=91%;
cos(¢)= 0.92.

Design parameters:

- the external diameter of the stator D, =0.392 m;
- the external diameter of the rotor, D, =0.206 m;
- the shaft diameter, D; =0.101 m;

- air gap between the rotor and the stator 6 = / mm;
- the number of slots in the stator core Z; = 36 ;

- the number of slots in the rotor core Z, =28 .
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Figure 7 shows the results of the calculation of the
normal component of the magnetic field induction.

Figure 8.Results of the calculation of the normal compo-
nent of the magnetic field induction using FEMM soft-
ware in the polar coordinate system

As seen from Figure 7, under static eccentricity, the
amplitude of the magnetic induction at a larger air gap of
the motor is significantly lower than that at a smaller air
gap, causing unidirectional magnetic pull of the motor;
the direction of the magnetic pull aligns with the direction
of increasing eccentricity.

Figure 8 shows the results of calculating the time
function of the electromagnetic moment within the time
interval [0 - T], where T is a time period equal to the time
of one complete rotation of the rotor.
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Figure 9. FEMM software calculation results

As seen from Figure 8, with static eccentricity, the
amplitude of the electromagnetic torque increases.

A harmonic analysis of the field composition in the
air gap of the electric machine has been performed, and
the fundamental harmonic of induction as well as higher
and lower order harmonics have been identified.
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Based on the results of the magnetic field calculation
using the post-processor of the program, a text file is gen-
erated. This file contains the measured values and the
coordinates of the points of the contour where these
measurements are taken. The distribution of the normal
component of the induction in the air gap is important.

This text file is then read by a program that performs
harmonic analysis.

Next, we use the MathCAD program, which has a
built-in function FFT (Fast Fourier Transform).

The frequency spectrum of the induction in the air
gap with and without eccentricity is presented in Figure 9.

The amplitude of magnetic induction, T
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& The spectrum is calculated for the motor with eccentricity of 0.9

Figure 10. The harmonic composition of the induction in
the air gap with the occurrence of eccentricity (blue) and
without it (red)

As seen from Figure 10, with static eccentricity, a
new order is added to the spectrum.

Therefore, the values of the harmonic orders found
using the numerical field method are consistent with those
found analytically and with data obtained from open
sources [4] —[7], [20], [21].

V.CONCLUSIONS

1. The mathematical model of the two-pole squirrel-
cage induction motor has been improved, allowing for
more accurate modeling of electromagnetic processes at
various values of static rotor eccentricity.

2. The mathematical model implemented in the
FEMM package. The simulation results demonstrate that
the developed mathematical model of the induction motor
enables the detection of a diagnostic relationship between
the diagnosed defect (static eccentricity) and the diagnos-
tic feature (higher and lower order induction harmonics in
the air gap).

3. In future works, the authors will be provided with
the opportunity to improve the obtained mathematical
model for modeling rotor eccentricity of an induction
motor, taking into account the serration of the stator and
rotor.

The timely detection of the presence and magnitude
of rotor eccentricity will not only reduce energy consump-
tion costs but also prevent damage to the induction motor.
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