ENGINEERING SCIENCE AND TECHNOLOGY INTERNATIONAL RESEARCH JOURNAL, VOL.1, NO.3, SEP, 2017

Finite Element and Spectral Analyses of
Induction Machine Faults using Comsol with
Matlab

1

ISSN (e) 2520-7393
ISSN (p) 2521-5027
Received on 26th Sept, 2017
Revised on 7th Oct, 2017
www.estirj.com

Belema P. Alalibo 1, Wen-ping Cao1, Zheng Liu1, Nan Yang1
1

School of Electronics, Electrical Engineering and Computer Science, Aston University, Birmingham, UK
Abstract: This paper investigates the spectral response of various electrical machine faults. Comsol is implemented for the
finite element analysis while Matlab is used to perform a fast fourier transform (FFT) on the resulting flux density
waveform to identify the correlation between pre- and post-failure harmonic content from the machine, and its viability as
a fault detection signature. A three phase induction machine is simulated under healthy and faulty conditions with the
resulting flux distribution spectrally analysed to understand the behaviour of various harmonics particularly at the
fundamental frequency, fr, its second and third harmonics (2fr and 3fr). It is intended that at a latter stage, optical
spectroscopy of the same faults will be carried out experimentally using fibre gratings as signal extractors in order to detect
machine faults using light. The numerical results show that spectral analysis of the flux generated by the machine can be
used as a condition monitoring and fault detection tool. Validation of this simulation concept using optics will unarguably
expedite the much needed transition from the largely practiced, though very expensive offline diagnostic and preventive
maintenance strategy to low cost online condition monitoring and predictive maintenance strategy.
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1. Introduction

E

lectric machines are crucial for a wide range of domestic
and industrial processes thus, human dependence on
these machines for day to day activities continues to increase
in a suggestively irreversible trend. As [1] asserts, electric
motors are everywhere and efficient. Electric motor-driven
systems consume about half of all global electricity
accounting for about $565 billion each year for electricity
costs and roughly 6,040 metric ton of CO2 emissions [1].
According to the United State (US) Department of Energy,
industrial motors account for 64% of the electricity consumed
in the U.S industrial sector which is about 290 billion
kilowatt hours (kWh) per year [2]. Burgeoning demand for a
reduction in global industrial carbon emissions due to
concerns on climate change and global warming backed by
the 2015 Paris Agreement [3], mean that these electric
machines will continue to play crucial roles in achieving the
desired target especially in the areas of electric vehicles and
renewable energy generation such as in wind farms.
Despite the very important role these electric machines
play in our day to day existence, one of the biggest challenges
in many industrial operations which has persisted is the
susceptibility of these machines to unexpected breakdown due
to the harsh and highly stressed environments [4] under which
they are operated in order to provide the goods and services
humans need. Most industrial plants run for 24 hours per day,
365 days per year, which means that these electrical machines
are continuously in operation with minimal downtime for
scheduled or routine maintenance. Unexpected machine
Corresponding author Email address: alalibob@aston.ac.uk

failures and consequent downtimes thus, have serious
operational and financial adverse impacts. The problems
associated with the unexpected disconnection of the electric
motor, including repair or replacement costs, stopping
production processes with consequent economic losses, the
company‟s reputation, and customer satisfaction, continues to
motivate the continuous evolution of maintenance strategies
in parallel to the constant improvement in the design of the
motors [5]. According to [6], the economic losses of the
process downtime arising from such unexpected machine
failures considerably exceeds the actual maintenance costs. To
put into perspective, [6] opines that motor failures in an
offshore oil plant can incur downtime losses of up to $25,000
per hour. Even for a single train service or flight cancellation,
there are huge financial losses in addition to lots of
disruptions. Preventive Maintenance strategy is frequently and
largely prescribed for regulating and minimising machine
downtime due to unexpected failures. This strategy has
proved to be extremely expensive and superfluous as
maintenance is administered on a pre-determined routine basis
according to a set of prescribed criteria regardless of whether
the machine requires it or not. The aim of this maintenance
strategy is mainly to reduce the risk of failure but this does not
detect early faults, hence cannot prevent unexpected machine
failures.
Both industry and the research community have found the
urgent need to transit from the currently practised expensive
preventive maintenance strategy, to a more efficient predictive
maintenance strategy which is based on machine performance
monitoring and early fault detection. An area which is now
being explored to provide low cost, efficient and reliable
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monitoring and fault detection of machines is optical
spectroscopy using fibre gratings as signature extractors since
they have zero electromagnetic interference (EMI). While this
optics technique will be experimented at a later stage to
validate results from this work, the harmonic spectroscopy of
FE models is the focus of this preliminary stage.

2. Common Machine Failures &
Detection Methods
A. Common Machine Failures:
According to [4], of all possible diagnoses for motor
failure, four types of faults are considered most prevalent:
stator inter-turn faults, bearing failures, broken rotor bar/endrings, and air gap eccentricity. Also, [7] mentioned that the
critical components of induction motors which are prone to
the development of incipient faults are: stator and rotor
windings, insulation, air-gap eccentricities, bearings, rotor
bars, end rings and shaft. In their reviews, [8] and [9] closely
agreed with the machine failure percentage distribution in
Table 1 based on independent surveys carried out by Thorsen
& Dalva et al. [10] similarly reports close failure percentage
figures.
Table 1 Failure percentage for common machine faults
Failure %
Fault type
[11]–[15]

[8]

[9]

[10]

Bearing

45

40

52

41

Stator
winding

35

38

24

37

Rotor

10

10

6

10

Others

10

12

18

12

i.

Figure. 1. Failed bearing [17]
ii. Stator Winding Faults
Stator windings of induction machines are often subject to
stresses caused by various factors which include thermal
overload, mechanical vibrations, environmental stresses and
electrical stresses such as voltage spikes caused by the
increasing introduction for variable speed drives (VSDs)
[18]. The two main locations for stator related faults are: the
winding (turns) and the insulation. It is perceived that the
stator insulation failure is the incipient stage of stator interturn fault [4]. Stator winding faults in addition to being the
second most occurring faults as depicted in Table 1, are also
one of the potentially harmful electrical faults in machines
[7]; thus necessitating its detection at an early stage. The
various modes of stator related faults are: insulation fault,
turn-to-turn fault, phase-to-phase, and phase-to-ground faults.

Bearing Faults

The major causes of these failures as highlighted by [4] are:
Thermal stress – where heat from rotor shaft leading to high
temperature gradually deteriorate the bearing lubrication,
cause abnormal friction and eventual failure of the bearing
Mechanical stress – where rotor shaft vibration can cause
bearing failure especially with large machines having high
output torque; improper bearing installation
Electrical stress – where shaft voltage, or common mode
voltage in inverter output for drive-driven machines such as
doubly-fed induction machines used for wind turbines; can
induce current in the bearings thus deteriorate bearing
lubrication and consequently result in more intensive bearing
wear or failure [16].

Figure. 2. Schematic representation of stator winding faults
[19]
iii. Rotor Faults
Rotor faults are mainly caused by a combination of magnetic,
thermal and mechanical stresses acting on the rotor; and
because they vary dynamically with loading and
environmental conditions, such faults lead to rotor electrical
asymmetry [20]. [20] submits that rotor asymmetries do not
initially lead to machine failure, however, such phenomenon
can have significant secondary effects such as increased
losses, reduced efficiency and reduced machine reliability.
Typical outcomes for generator rotor faults are increased
resistance or open-circuit of rotor windings or brush-gear
circuits. The common forms of rotor failures are: broken
bar/end-ring failure, rotor field winding failure and
permanent magnet demagnetisation.
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Figure. 3. Broken rotor bar [21]
iv. Eccentricity
When a machine has a non-uniformly distributed air gap, it is
referred to as eccentricity. [12] simply defines it as a
condition in which the air gap between the stator and rotor is
unequal. Larger eccentricity will result in an imbalance of the
radial forces which can lead to the clashing of the stator and
rotor resulting in a permanent damage [8]. Three (3) forms of
eccentricity have been identified based on the variations of
the centre of the axis of rotation (shaft centre), stator centre
and rotor centre:
Static – where the axis of rotation coincides with the rotor
centre, but it is displaced from the stator centre;
Dynamic – where the axis of rotation coincides with the
stator centre, but it is displaced from the rotor centre;
Mixed eccentricities – where both static and dynamic exist
together in the machine such that all three centres are
deviated from each other, and no coincidence.

3

B. Common Detection Methods:
The commonly used fault detection techniques are: motor
current spectral analysis (MCSA), internal air gap flux
analysis (IFA), magnetic stray or external flux analysis
(EFA), vibration spectral analysis (VSA), temperature and/or
thermographic analysis (TA). These detection techniques
utilize various signal processing techniques to perform
harmonic or spectral analysis in order to extract the desired
fault signature. The fundamental working principle adopted
by most researchers is that the chosen signature is
continuously acquired using a sensing or transducing device
which usually has a signal conditioner to ensure the signature
is in a suitable form ready for processing. The conditioned
signature is then transmitted on to a signal processor for
spectroscopy and fault detection. Typical fault signatures
currently being extracted for machine fault detection include:
stator current, temperature, magnetic flux (air gap and/or
stray) and strain/vibration. The MCSA is mostly accepted as
the most extensively used in research on fault diagnostics
with commercial systems already available using this
technique [23].
Although MCSA is very widely used, there is no evidence to
suggest that it is the best technique, neither is there any
agreement of the most reliable technique. This is because no
single technique can detect all the machine faults using only
one signature. Also, there is the lingering signature
discrimination problem in which different faults show similar
spectral content and thus, fails to discriminate between the
fault types. The fault detection is as important as the
discrimination between faults because correctly identifying a
machine fault reveals its severity which in turn affects
strategic decisions such as delayed scheduled maintenance or
immediate administration of maintenance to avoid further
damage to the machine. In order to make such maintenance
decisions and avoid costly downtimes, it is imperative to not
only detect a fault but identify exactly what fault type it is.
The latter phase of this research work will experimentally
explore the use of fibre gratings in discriminating these fault
types as well as validate the FE analysis and harmonic content
of radiated flux density in faulty machines which is the focus
at this stage.

3. Comsol Multiphysics FE Models

Figure. 4. Some causes of eccentricity [22]

In order to understand the effects of various faults on both the
magnetic flux density and current density distributions, a
typical 415Vac three phase induction machine is modeled
using Comsol Multiphysics with parameters highlighted in
Table 2. The FE method as a numerical technique,
approximates solutions to boundary-value problems of
desired mathematical physics, in this case, electromagnetic
[24]. Five (5) faulty scenarios were considered which are
associated with IMs: phase-to-phase stator winding faults
simulated based on a reversal in the polarity of „B‟ phase
winding in one case [25], and a reduction in the number of
turns, in the other case, both as consequences of short
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circuits. Generatortech Inc, experienced in machine winding
failures, has over the past 13 years (up to 2016) conducted a
survey on shorted field windings. They confirmed that
majority of machines operating with shorted field windings
tend not to have operational problems until the percentage of
shorted turns exceeds 5% of the total number of turns, N0
[26]. This has been simulated in this model with a significant
effect observed from 9.7% of N0. The remaining three fault
scenarios considered are mainly the three forms of air gap
eccentricity. Because the rotor is made of steel and aluminum
in this model, broken rotor and rotor windings faults are not
considered.
Table 2 Induction Machine Parameters [27]
Parameter
Irms per turn
Operating voltage
Number of turns per phase
Phase number
Relative permeability, µr
Stator electrical conductivity,
σ
Rotor electrical conductivity,
σ
Airgap
Stator outer diameter
Stator inner diameter
Rotor steel diameter
Rotor aluminum diameter
Length
Frequency

Value
1A
415Vrms
2045
3
30
0 S/m
Steel: 1.6 x 106 S/m
Aluminum: 3.72 x 107
S/m
2mm
114mm
104mm
40mm
60mm
1m
60Hz

The steps followed for the design and simulation of the
numerical model include:
i)

Defining Variables

ii) Creating the 2D Geometry sequence and Assembly
formation
iii) Implementing the Rotating Machinery, Magnetic
(rmm) and Global ODEs and DAEs (ge)
Multiphysics including their boundary definitions
iv) Defining the Mesh Settings
v) Implementing a Time-dependent study
vi) Result Computation and Presentation

Comsol Numerical Results:
Figure 5 shows the magnetic flux density distribution in the
machine before (a) and after (b-f) fault. The severity of the
faults are also revealed through the intensity of the flux on the
phase windings. In (b), due to the short circuit on phase B
there is a complete distortion of the flux distribution. The flux
concentrates on half of the windings (which have the correct
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polarity). This is also seen in the current density distribution
in Figure 6 (b) where there is an uneven current flow. This
can result in excessive vibration and reduced load capability
of the machine. Also, in this case, higher hot spot
temperatures are likely around the windings with the uneven
current flow which can lead to insulation breakdown and
temperature rise in the machine. With Figure 5 (e), there is
less severity even though it is also a short circuit fault
resulting in the reduced number of turns. Only the affected
phase winding has a reduced flux density as observed
(orange). Correspondingly, the current distribution due to the
fault in figure 6 (e) shows a slight reduction in current density
(grey circle) in the faulty phase winding. The effect of
reduced number of turns was simulated for ~0.1% N0, ~1% N0
and ~10% N0 (9.7%) and the adverse effect was observed at
9.7% N0 which agrees with the industrial survey by [26]. For
eccentricity faults, dynamic and static eccentricities exhibit
similar characteristics of a reduction in flux density around the
machine phase windings figure 5 (c and d).
The current density characteristics are also similar with a
non-uniform distribution in the rotor figure 6 (c and d).
However, a lot is revealed about the non-uniform and
unbalanced nature of the current flow which usually leads to
vibrational problems and uneven stress on the rotor. It is
worthy of observation that the dynamic eccentricity (with only
shaft centre displaced) shows a more uniform radial force
distribution compared to the static eccentricity with both rotor
and shaft displaced; this gives a measure of the severity of
both faults. The severity depends in practice, on the extent of
non-uniformity and deviation from the centre of the affected
machine part (stator, rotor or shaft). As expected, the mixed
eccentricity fault exhibits more severe characteristics for the
flux density distribution (figure 5f). In this case, the flux
density has been severely distorted with the current density
(figure 6f) showing no flux transmitted on to the shaft (yellow
circle). Thus, shaft rotation is completely dependent on the
distorted and reduced radial forces on the rotor aluminum,
which will translate into severe vibrations. This underpins the
importance of the air gap in induction machine; it is the means
through which electromagnetic induction occurs, and any
major alterations from its intended design can result in serious
problems for the operation of the IM.
In Figure. 5 Flux distribution of an induction machine are
shown as in (a) healthy (b) faulty with reversed polarity for
„B‟ phase winding to simulate short circuit (c) faulty with
dynamic eccentricity with rotor shaft centre at
(0.0002,0.0002) instead of (0,0) (d) faulty with static
eccentricity with rotor and shaft centre at (0.0002,0.0002)and
stator centre at (0,0) (e) faulty with 9.7% reduction in the
number of turns for „A‟ phase winding compared to the
healthy machine to simulate short circuit (f) faulty with mixed
eccentricity with rotor centre (0.0002, 0.0002), shaft centre
(0.0001,0.0001)and stator centre at (0,0).
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(d)
(a)

(e)
(b)

(f)
(c)

Figure. 5. Flux distribution of an induction machine
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(a)

(d)

(e)

(b)

(c)

6

(f)
Figure. 6. Current density distribution of an induction
machine
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(a) Healthy (b) faulty with reversed polarity for „B‟ phase
winding to simulate short circuit (c) faulty with dynamic
eccentricity with rotor shaft centre at (0.0002,0.0002) instead
of (0,0) (d) faulty with static eccentricity with rotor and shaft
centre at (0.0002,0.0002)and stator centre at (0,0) (e) faulty
with 9.7% reduction in the number of turns for „A‟ phase
winding compared to the healthy machine to simulate short
circuit (f) faulty with mixed eccentricity with rotor centre
(0.0002, 0.0002), shaft centre (0.0001,0.0001)and stator
centre at (0,0).

4. Harmonic Analysis
Fast Fourier Transformation of the magnetic flux density has
been performed in Matlab using the data exported from
Comsol FE analysis. For the healthy IM, the higher order
harmonics are low as expected (fig.7a); while the entire
spectrum behavior will be analysed, the fundamental (1st), 2nd
and 3rd order harmonics (fr, 2fr and 3fr) will be particularly
observed since [28] and [29] identified fr, 2fr as notable
frequencies in their work on fault diagnosis.

(a)

During the short circuit faults, an increase in the
harmonics of the machine is observed when the fault is due to
a reversed polarity of the „B‟ phase winding (fig.7b). This
implies a more serious and unstable condition for the machine
and could lead to significant damage if it continues to run in
this mode. On the other hand, the short circuit simulated as a
reduced number of turns in one phase exhibits a less severe
fault condition (fig.7e). The higher order harmonics increased
slightly which though undesired, will not cause any
significant damage to the machine in the short term.
Appropriate corrective maintenance decision can be taken at a
convenient time without fear of unexpected downtime or
serious machine damage.
Static and mixed eccentricities showed the most severe
harmonics with significant increase in both the fundamental
and higher order harmonics. This suggests that there will be
serious vibrational issues during machine operation under
these faults. It also affirms the sensitivity and seriousness of
eccentricity fault particularly in induction machines as they
rely on the principle of electromagnetic induction through the
air gap for efficient operation. Any significant air gap
deviations outside the design tolerance will definitely cause
serious problems during machine operation. The dynamic
eccentricity fault, however, shows a slight increase in some of
the higher order harmonics viz: 6th, 9th, 10th and 13th. The
irregular increase in some higher order harmonics exposes the
presence of the fault but this does not significantly affect the
running of the machine. This corroborates the work by [30]
which showed that whilst static eccentricity causes an increase
in the rotating force vibration, dynamic eccentricity causes
only a very small increase.
Because static eccentricity can very easily happen during
installation and commissioning or even at the time of
manufacturing [8], this must be carefully considered to avoid
serious vibration problems due to harmonics.
Copyright ©2017 ESTIRJ-VOL.1, NO.3 (1-10)
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(a) healthy (b) faulty with reversed polarity for „B‟ phase
winding to simulate short circuit (c) faulty with dynamic
eccentricity with rotor shaft centre at (0.0002,0.0002) instead
of (0,0) (d) faulty with static eccentricity with rotor and shaft
centre at (0.0002,0.0002)and stator centre at (0,0) (e) faulty
with 9.7% reduction in the number of turns for „A‟ phase
winding compared to the healthy machine to simulate short
circuit (f) faulty with mixed eccentricity with rotor centre
(0.0002, 0.0002), shaft centre (0.0001,0.0001)and stator
centre at (0,0)

5. Conclusion and Future work
This paper has presented the finite element analysis of the 2D
model of a three-phase induction machine in both healthy and
faulty conditions using Comsol Multiphysics. Harmonic
analysis of the resulting flux density under both conditions
have been performed using fast Fourier transform (FFT) in
Matlab to detect the spectral anomalies caused by machine
faults.

(d)

In the near future, optical spectroscopy will be performed
experimentally to validate these results. Optical fiber gratings
will be used to explore the potential of a low cost, accurate,
multi-signature (all-in-one) fiber condition monitoring system
which will perform signature extraction, fault detection and
fault type discrimination. This has the potential of facilitating
the much needed transition of the currently used and
expensive preventive maintenance strategy to the more
efficient online monitoring and predictive maintenance
option.
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