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In this paper, the diagnosis of faults in squirrel cage asynchronous motor and experimental analysis process
are presented. Currently there are several simulation tools, that lets users analyze and interpret the behavior of
their devices. Based on this, there is a lot of researches that is working on developing models, to detect and
classify 3-phase asynchronous motor faults, significantly in the early stages. This work proposed design and
experimental analysis established in Comsol Multiphysics 6.0 , which implements finite element analysis
software (FEM) for detecting and diagnosing broken bar rotors of this types motors and its practical
application. In this case, the post processor of the COMSOL-Multiphysics makes it possible to visualize in 2D
the various magnetic and mechanical quantities. Through the curves of the magnetic flux density and analysis
distribution of the field with magnetic induction lines, we can draw some conclusions, where we proposed an
strategy, for detecting and diagnosing faults consistent with the structure of the software.
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1. INTRODUCTION

In the reality, electrical machines play an
important role in modern industry and household
applications, they are used to convert electrical
energy into mechanical energy, and vice versa. Due
to their robustness, simplicity of construction and
low cost, with these characteristics they consume
35%-40% of the generated electric energy
worldwide [1].

Asynchronous motors, is designated by the
abbreviations ASM or IM, they represent now
account for almost half of total electricity use in
industrialized countries. This type of motors has
state-of-the-art technology ensuring, high reliability,
good starting torque and low maintenance cost [2, 3].
Electric motors of this series with a squirrel-cage
rotor, which are controlled by a frequency converter
with a supply voltage frequency of up to 400 Hz for
example, have rotation speeds up to 30,000 rpm and
higher [4].

Despite that the Squirrel cage 3-
phase asynchronous motors is robust, it can
sometimes present different types of defects, which
can be either of electrical origin, or mechanical.
Also, during the transient and steady-state, these
motors produce a significant level of torque pulses,
which create noise and vibration in the electric
machine [5]. Monitoring and diagnosis require both
a good functional and behavioral knowledge of the
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system in order to highlight in an early way the
conditions leading to a failure situation. Thus,
correct motor modelling is the first step in the
detection of motor anomalies [6]. In this context,
vibration analysis plays a vital role not only in
diagnosing machinery condition for maintenance
purposes, but also in the acceptance of new or
recently overhauled equipment [7, 8].

On the other side, two types of defects may
appear to the rotor in this type machine. The cage
being composed of bars and short-circuit rings made
of aluminum or copper, therefore a partial or total
breakage of one of these components can be
considered as electrical fault. The appearance of this
type of defect can be due to several phenomena that
are often independent of each other, such as
improper use of the machine for example, an
application of too much load or the environment in
which the machine operates [9, 10].

A broken bar is one of the most frequent defects
in the rotor. This defect can appear either at the notch
or at the end which connects it to the rotor ring. The
deterioration of the bars reduces the average value of
the electromagnetic torque, increases the amplitude
of the oscillations causing the rotation speed, which
generates mechanical vibrations, therefore abnormal
operation of the machine [11,12].

There are a variety of techniques for diagnosing
and detecting defects, a lot of it based on observation
and measurement, such as the measurement of the

© 2023 by the Authors. Licensee Polish Society of Technical Diagnostics (Warsaw. Poland). This article is an open access article distributed
under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).



https://doi.org/10.29354/diag/176292
mailto:b.djaidir@univ-djelfa.dz
http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-4305-7053
http://orcid.org/0000-0002-2542-8391
http://orcid.org/0009-0000-4854-5796

2 DIAGNOSTYKA, Vol. 25, No. 1 (2024)
Djaidir B, Nail B, Rouibah A.: Fault detection and diagnosis of squirrel cage asynchronous motor using...

magnetic field, noise, vibration, current...Others
depend on the monitoring and comparison of the
electromechanical characteristics with those of the
healthy motor (stator current, electromagnetic
torque, and mechanical speed) [13]. In order to better
situate our work, it was necessary to research what
methods are used to diagnose and detect faults in the
asynchronous machine.

In the field of electromagnetism, COMSOL
Multi-Physics is a general simulation program for
designing models, devices, and scientific research,
the authors of Multisphysics uses finite elements and
multiple physics simulations to solve problems and
offers an identical user experience and interface
regardless of the physical phenomena and the
application studied. This program contains solutions
for the following points: linear transformation
coefficient analysis, limit analysis and timing-
dependent problems [14, 15].

The user defines his couplings or selects the
predefined interfaces. The different steps of the
modeling process - defining the geometry, the
material properties, the mesh, choosing the physics,
solving and displaying the results - are integrated
into a single interface[16, 17].

In this work we will explain the different steps to
draw the geometry of the machine studied by
Comsol Multiphysiques version 6.0, choose and
introduce the physical properties of the different sub-
domains (stator, rotor, air gap between rotor and
stator), as well as the periodic boundary conditions,
perform the mesh and then solve.

We applied tests on the operation of the studied
machine with regard to the breakage of rotor bars
because, broken rotor bar is one of the common
machines malfunctions that may cause serious
defects to the motor if it is not detected at a specific
time. The magnetic flux leakage technique "MFL"
tested with the software in order to simulate a rotor
which contains defects, and to allow a better
analysis of the responses with a new 2D model
simulation.

2. MODELLING APPROACH

2.1 Maxwell’s equations in material media

Solving a problem in electromagnetism consists
in determining the structures of the electromagnetic
field in a region of space. These field configurations
must simultaneously satisfy Maxwell's equations,
and appropriate boundary conditions exact or
analytical solutions can be obtained in a small
number of cases depending on the geometry of the
objects [18].

Maxwell's equations describe exactly how
electric (E-fields) and magnetic fields (H-fields)
behave, in the presence of matter. In this case
standard notation are given by :

V. E(T, t) — Ptotzl(r‘t) (1)
0

V.B(r,t) =0 )

VxE(rt) = - 220 ©)

VX B, ) = o Jeorat () + o €0 (4)
Where , and , are magnetic permeability of vacuum
and the electric permittivity, respectively, and ; is the
total charge density [19].

Discussion:

o It is a system of differential equations, which
from a distribution of charges and current makes
it possible to determine , , in all space at any
time.

o Under real conditions (the distributions are of
finite extension), we impose: , .

o If E is solution of Maxwell's equations, then ,
where is a uniform and stationary field is also a
solution.

o We find the equations of electrostatics and
magnetostatics.

o There are two large groups of Maxwell
equations:

- The divergence equations, which do not couple E
and B.

- The rotational equations, which couple E and B .
Thus, in the general case, it is not possible to
decoupling the two fields. (This is why, we are
talking about an electromagnetic field).

Two related vector fields are used in physics to
describe magnetic phenomena and can therefore the
generic name of this definition is "magnetic field"
[20], this concept which makes it possible to
describe how the magnetic force is distributed in
space around and inside a magnetic bodies, we take
for example, the definitions of auxiliary fields as
follows:

D(r,t) = gE(r, t) + P(r, t) 5)

H(r, t) = ;Tlo B(r,t) — M(r, t) (6)

Where, is the magnetization field, and, is the
polarization field, which are defined in terms of
microscopic bound charges and bound currents
respectively.

The macroscopic bound charge density, and
bound current density, in terms of magnetization,
and polarization; are then defined as:

ppb = —V.P (7

a
Jo=VXM+ ®)

2.2 Finite element method (FEM)

This method is based on the numerical resolution
of Maxwell's equations, the information provided by
this type of simulation is very precise and allows us
to take into account the geometry of the machine, the
saturation effect of magnetic materials, as well as the
effects of harmonics in space.

Maxwell's equations arise in two dual systems:
= The laws of Faraday and flux conservation

(magnetic system)
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= The Ampére-Maxwell and Gauss theorems

(electrical system).

Summing it up, the example of diagrammatic
presentations of physical theories is the so-called
Maxwell’s house, which present Maxwell’s
equations for electric and magnetic fields. The
duality of the two systems can be highlighted using
the Tonti diagram [21]. As a result, it is possible to
represent all these data geometrically, using the
Tonti diagram which is applied to electromagnetism
as shown in figure 1.

-0 (4]
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oA ) 1[4
4 o\m ,"9‘
E(Y) (5]
g B[% — ={H (4]
o '
0 S I
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Fig. 1. Maxwell’s house or Tonti’s diagram
for continuous electromagnetic quantities

To illustrate, the Tonti diagram is composed of
Maxwell's equations, the laws of behavior, electrical
and magnetic quantities, potentials and their spaces .
Through the Gauss’s law for magnetism by the
equation (2), we know that B is a solenoid vector
field and therefore, using Helmholtz decomposition,
the magnetic field can be explained as the curl of
some other vector field which will be the magnetic
vector potential A, with , [22]:

B=VXxA, 9)

Substituting equation (9), in Maxwell-Faraday’s
law:

a a a
VxE——aB——anA——anA, -
a
Vx (E+2A)=0 (10)

Thus, we can express this quantity using the
gradient of another scalar field, the so-called electric
scalar potential, as follow:

E=-Vp——A (11)

In summary, diagrams and their morphisms give
us a solid theoretical framework with which to
describe systems of equations and their solutions.

The equations that describe the electromagnetic
coupling between magnetic effects and electrical
effects can be decoupled in some cases, giving rise
to simpler models. Therefore, the model equations
become [23]:

=2

=¢E
o { B=uH+B, 12)
7 = o(E + 9aB)

o Vector, represents the speed of displacement of
the charges in the field B;

o Vector, represent the remanent induction.

o Coefficient, is the electrical permittivity, it is
valid , in the case of vacuum and is superior for
all other materials.

o Coefficient, is the electrical conductivity. It is
zero in the vacuum case.

o Coefficient, is the magnetic permeability, it is
equal to, in the case of vacuum is greater for all
other magnetic materials.

To these equations must be associated the
generalized Ohm law :

J = Joxt + 0E + o(a B) (13)

With , Excitation current density (source)
[A/m?]. , Density of the induced currents of the
electric field [A/m?]. And ; Density of motion-
induced currents [A/m?].

3. EXPERIMENTAL TESTS

Firstly, we conducts numerical simulation for
experimental confirmation of theoretical studies,
where the application consists of squirrel cage 3-
phase asynchronous motor, with 4 pole (P), and 36
slots in the stator and 26 aluminum bars in the rotor
for a supply frequency f = 50 Hz. Main important
parameters of the motor are shown in table 1.

Figure 2, shows rotor slot type (unit: mm), the
modeling and simulation was created in the finite
element program, to finely represent the different
sizes in the design, as an example.

Fig. 2. Rotor slot type

The pre-processor of this technique (FEM),
makes it possible to draw the different parts of the
element to be studied, to define the materials used,
also, for impose the boundary conditions and so on.

The design of motor model has been simulation
by COMSOL multiphysics, for analyze the rotor
part and plotted at various degrees. In this case, we
chose the design on the basis of the typical values
in the database of motor, when the operating
conditions are moderate and certain conditions are
met. Figure 3, show the model of the motor studied.
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Table 1. Parameters of motor model

Name Value Description
lo 3.677 A Current amplitude
N 60 Number of turns
L 0.30 m Length of motor
Fo 50 Hz Supply frequency

Wo 314.16 Hz  Supply angular frequency
Air Gap 0.0020 m Size of air gap

Z1 36 Stator slots
Z> 26 Rotor slots
n 80% Efficiency

Fig. 3. Geometry of asynchronous machine

After selecting the model, the mesh is designed
of our machine before the problem. The boundary
conditions and the parameters of the model are
specified. From figure 4, it can be clearly visible that
when motor is under steady state situation, with Z,
equal 32. In this case, we have adopted a mesh with
triangular elements, as well as MFD magnetic flux
density .

gomm

. . = A—2K
100 -80 -60 20

Fig. 4. Rotor and stator MFD distribution

In this part we are interested in the simulations of
the machine in dynamic mode. We will determine
the distribution of the magnetic potential vector and
the distribution of the magnetic induction for given
instants.

The field of study must be discretized (mesh)
with geometrical elements which form a mesh where
the physical sizes will be determined in any node. On
the other hand, the geometric characteristics of the

mesh can play a preponderant role when diffusive
fluxes come into play.

The figure 5, shows the distribution of magnetic
field lines through the contour, as well as the
distribution of magnetic induction on the surface.
Note that the maximum magnetic induction is 1.23
T.

It is noted that the distribution of the magnetic
field lines is symmetrical and high in the vicinity of
the stator notches because of the current flowing in
the coils, thus these lines are less intense between the
rotor bars and very low in the air. As well, it
observed the regularity flux density on the
distribution in general, and more uniform in density
on the rotor part, figure 6.

freq(1)=50 Hz Surface: Magnetic flux density norm (T)
Arrow Surface: Magnetic flux density (spatial frame)
T T T

mm

1 1 Jvo
-100 -50 0 50 100 mm

Fig. 5. Simulation of the squirrel cage ASM,
with =50 HZ

We simulated the ASM in 2 dimensions (2D), to
visualize the distribution of magnetic field lines and
magnetic induction in order to identify the
parameters that define the domain of study.

freq(1)=50 Hz Arrow Surface: Magnetic flux density (spatial frame)

mm

Fig. 6. Representation the direction of the
magnetic field

The figure 7, represent the graph of magnetic flux
density, in (x-component and y-component), as a
result of total electromagnetic induction in healthy
operations for the motor, this graph help us to obtain
and explain the figure 08 .
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Line Graph: Magnetic flux density. x component (T)
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Fig. 7. Magnetic flux density graph
a) The x-component ; b) The y-component

As can be seen from figure 8, for the healthy
motor, the magnetic field lines remained
symmetrical , when the poles and slots are
symmetrically designed. The simulation results and
the modeling of magnetodynamic phenomena of a 3-
phase squirrel cage in a healthy state has been
presented.

Line Graph: Magnetic flux density norm (T) o

0.45
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0.25f
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Magnetic fiux density norm (T)

0

0.05

0 50 100 250 300

150 2
Arc length (mm)

Fig. 8. Line graph of magnetic flux density
normin B, 4 pole

Meanwhile, digital simulation by COMSOL
Multiphysics, offers a better understanding of
physical phenomena. This software was used since it
is a powerful calculation tool allowing to take into
account the nonlinearities of the process and the
interaction between phenomena of different nature.

This software contains  three parts. Pre-
processor, processor (solution), and post-
processing.

o Create a finite element model(FEM), and
prepare load parameters that belong to the pre-
process;

o  Mesh division and solving equations are all
belong to solution part;

o  Visualize and analyze results are belong to
post- processing [13].
Figure 9, shows the diagram and design of
geophysical forward modeling, using the studied
software.

1%
a2
i3
iz
£t

Approximations in :
o Geometry
o Physical quantity

Pre-processor
Processor

Post-processor

Work
performed by
the machine

Sl LT T T LIy LT T T LT 3

Results Analysis

1
!
E Comparison (N periment) } L
1
1
1

Model
verification

Fig. 9. Modeling steps by COMSOL
MULTIPHYSICS

3.1. Application (01)

After having implemented the model described
previously. In this part, we present the detection and
characterization of broken rotor bars (BRBs), and
analysis of magnetic field of dispersion. Reducing
the value of the electrical conductivity of a rotor bar,
for a first test, the value of 0 [S/m] will be taken, as
illustrated in figure 10.

Comsi e Relion £ 1
Conduzicn medet
B onccty
=t

Bl

Fig. 10. Rotor bar fault

The electrical resistance of these bars is
sufficiently low so that the currents it does not pass
properly in the sheets. The short-circuit rings allow
the circulation of currents from one rotor bar to the
other, as a result the electromagnetic torque and
mechanical speed fluctuations tend to increase with
the number of faulty bars.

The results showed, that the dispersion of
magnetic flux can give information about the
presence of a defect as shows in figure 11, in this
direction, rotor failure are caused by a group of
different pressures that work on the rotor due to
magnetic stresses , electromagnetic force wave
imbalance, vibrations, and bearing defects, (BRBs)
also cause an unbalanced current distribution
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between the rotor bars. The figure 12, shows the
distribution of MFD in the 3-ph asynchronous motor,
we presented their evolutions for the test with broken
bar with zoom on the parts where is the defect.

freq(1)=50 Hz surface: Magnetic flux density nerm (T)
Arrow Surface: Magnetic flux

ensity (spatial frame)
mm T

70k
601
50t
a0t
30t
20t
10
of
1o0f
20}
30k
a0t
so0f
60

T0k
-80 ks ' L
-100 -50 0 50 mm

Line Graph: Magnetic flux density norm (T)

Magnetic flx density nomm (7}

0 50 100 250 300

150
Arc length tmm)

Fig. 12. Line graph of magnetic flux density BRB

More analytically, in the first application at the
level of the software structure, we have established
procedures for determining the inductors of an ASM
with BRB fault under different load conditions
according to the parameters of the model in the same
ASM when it is healthy.

In the experimental results presented, we notice
the lines of the field become more disturbed and they
cluster around the broken bars. In this case, the
current of the broken bar is practically zero. The
currents at the level of the bars adjacent to the broken
bar have assumed large values compared to the
currents of the bars in the healthy state.

The deterioration of the bars reduces the average
value of the electromagnetic torque and increases the
amplitude of the oscillations, which themselves
cause oscillations in the speed of rotation, which
generates mechanical vibrations and therefore
abnormal operation of the machine.

With this in mind, the presence of any fault
causes an electrical and magnetic imbalance in the
rotor, which affects the distribution of the magnetic
field in the machine.

A reliable diagnosis therefore requires a good
knowledge of the mechanisms of the faults to be
monitored, as well as their consequences on the
signals from the machine.

3.2. Application (02)
In the structure of the monitoring system that we
propose, we are particularly interested in the

stationary operating conditions, and for the abnormal
operating modes.
The stresses that can help the appearance of a
problem broken rotor bar are of origin:
e Mechanical, due to fatigue at the parts of the
rotor and bearing defects.
e Electromagnetic.
e Thermals.
e Dynamic generated by shaft torques and/or
centrifugal forces.
e  Environmental, caused by humidity and dust.
The breaking of 4 bars in COMSOL-
Multiphysics software, as illustrated in figure.13.

Fig. 13. Rotor bar fault BRBs

In the same way, by simulation the figure 14,
shows the distribution of the magnetic field lines, as
well as the distribution of the magnetic induction
with another form, the maximum induction is 1.33 T.
Also, we observed the of non-uniform density flux,
on the rotor distribution, and the density is dispersed
and inconsistent. Figure 15, shows the line graph of
MFD, with the breaking of 4 bars , detecting a fault
is generally accomplished by monitoring the
magnitude of specific components in the actual state
of the controlled system taking into account these
different modes of operation and making any
necessary inferences to produce used data.

The use of this data then makes it possible to
draw up operating histories, if necessary, to
implement a failure treatment process.

freq(1)=50 Hz Arrow Surface: Magnetic flux densty (spatial frame) o

mm

Fig. 14. Distribution of magnetic flux density,
BRBs

A broken bar fault does not cause the motor to

stop, because the current which passed through the

broken bar is distributed over the adjacent bars. At

the same time if an appropriate diagnostic procedure

is not taken these bars are then overloaded as a result,
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which can lead to their break and so on until the
breaking or rupture of a sufficiently large number of
bars to cause the motor to stop.

Line Graph: Magnetic flux density norm (T) o

o5t

0.5 |

Magnetic flux density norm (T}

oasf

0l

0.05f

o 50 100 0o 250 300

150 2
Arc length (mm)

Fig. 15. Line graph of magnetic flux density, BRBs

The results of magnetic simulations have been
widely presented. These results are obtained from
the COMSOL-Multiphysics software. Broken bars
are the most common rotor faults, their simulations
make it possible to identify the signatures of these
faults and to predict the deteriorations generated in
the machine.

In addition, one of the most important
objectives, within the framework of the diagnosis,
concerns the development of the most reliable
simulation models possible, representing the faulty
operation of the machine.

In summary, in this study we extended the
approach to take into account the interaction of the
electromagnetic problem with the magneto-
mechanical effects at the rotor level in the motor,
taking into account various phenomena such as local
saturation, rotor inductance, and vibrations likely to
affect the installation considered. Using the
COMSOL multiphysics program, we analyzed the
behavior of ASM in the healthy and faulty cases with
different levels of indicators from measurements and
permanently established. We were able to highlight
the following points:
= The interest of the current approach proposed

for determining the parameters of the

asynchronous motor model is intrinsic, because
it does not require heavy and long calculations
for each configuration comparing with the other
approaches.

= We have opted for the use of a software well
dedicated to this type of machines, in light of
its good use the internal models, based on the
resolution analytical or numerical, of the
fundamental equations of electromagnetism.

= The different results obtained by the COMSOL-

Multiphysics software, which is based on the

finite element method for all the cases of the

asynchronous machine studied. This program
facilitates us to model and simulate the
electromagnetic and mechanical phenomena of
this type of machine, simulation aimed at the
general behavior of the machine in dynamic and
permanent conditions, but which can be used
more particularly in the field of fault diagnosis.

4. CONCLUSION

This work proposed design and experimental
analysis in  3-phase asynchronous motor with
COMSOL Multiphysics. This type of engine has
state-of-the-art technology ensuring, versatility,
foolproof reliability, energy-efficient, and a
particularly long service life. Even so, the broken
rotor bar fault are among the most common
anomalies that affect this type of motors.

In this paper, a new study is proposed for the
ASM, with the detection of BRBs, this technique
based on use the flux density results and signal
processing methods on COMSOL Multiphysics
version 6.0, software allowing the strong coupling of
several multi-physics models.

Therefore, the current approach proposed the
monitoring and fault detection of the asynchronous
motor by this program, is divided into two parts .
The first part, is to apply the finite element method
(FEM), which is in its role the calculation basis of
the COMSOL software, furthemore, we have
modeled and coupling phenomena  of
electromagnetic , with the magneto-mechanical
effects in the program level, to develop an
approximation of the magnetic field and their
behavior, as well as magnetic flux density . Also a
series of simulations was carried out, to validate the
model in different situations for analyzing the steady
state of a healthy motor.

The second part is to compare the simulation
results with broke rotor bars, taking into account the
relationship between the rotor path currents and the
magnetic path flux and their distribution, as the
matter of fact, this technique represent the behavior
of magnetic field quantities in a way that allows us
to more easily detect and diagnose these faults. A
good detection procedure should take the minimum
necessary steps from the process in question, as well
as extract a diagnosis giving a clear indication of
failure modes, through data analysis in a minimum
of time.

We have done tests in the laboratory, the results
found are satisfactory and are consistent in order to
establish a general strategy for fault diagnosis in
electrical machines in the future.
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