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The induction motor suffers from numerous faults and these faults consequence into
lowering of overall industrial productivity and increased shutdown period. Thus, there is
the need of prior detection of numerous faults while in operation. The condition monitoring
and faults diagnosis mechanism are required to formulate a well-defined and skilled map in
between motor signals as well as indications of the fault state of the induction motor.
Hence, a number of advanced and optimum approaches have been identified, and employed
for detecting various faults in a squirrel-cage induction motor. Faults in the motor pose
their signature frequencies as harmonics in the motor current spectrum. In Motor Current
Signature Analysis, various approaches like Park’s wvector scheme, Fast Fourier
Transformation (FFT), Discrete Wavelet Transform (DWT) based digital signal processing
techniques have been taken into consideration. Implementation with VLSI based diagnosis
opens a broad door for its employment in numerous industrial and real-time application
development.

unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

[ Copyright©2017 Shashidhara S.M. This is an open access article distributed under the Creative Commons Attribution License, which permits }

INTRODUCTION

The electric motor is an electromechanical device that
converts electrical energy into mechanical energy. Being a
very prominent part of modern industry, the induction motors
play a vital role in major applications like pumping systems,
fans, elevating systems, electric-powered vehicles, crushers,
cement plants and many more industrial segments.

These induction motors are mainly employed as a critical
form of devices for major industrial activities and are in
general, integrated with diverse commercially available
apparatus and applications. All the equipments based on this
motor drive, generally facilitate core competences, significant
for making certain business success as well as operator safety.
Numerous electrical components of the operational induction
machines are highly prone to the system failure. For instance,
the insulation breakdown in induction motor causes the stator
winding fault, which is immensely influenced by factors like
mechanical vibration, heat, functional duration or age of
motor, damage occurred during installation. Similarly, in
some cases, the contamination with oil material also causes
faults in induction motors, that results in system failure. In
case of a squirrel-cage rotor, its bars might be damaged by
mechanical stresses that could arise in the machine.
Meanwhile, the bearings in induction motor can be affected
due to extreme wear and smash up, caused due to improper
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lubrication, unbalanced loading on motor, misalignment of
bearing components with rotor, etc.

Conventionally, the majority of manufacturers and users trust
on very traditional approaches of induction motor protection
like estimation of over-current or over-voltage to ensure the
reliable system function. The high paced and immensely
complicated applications of induction motor in modern
industrial applications are alarming for an optimized system
monitoring and supervision for induction machines. Even the
reduction of the human-machine interface also demands for
an on-line detection requirements, which can effectively
diagnose the faults in induction motor without any hazards
and process disruption.

Maintenance of induction motors is one of the serious
problems faced by many industries and utilities. A number of
researches have been done for the issues of automatic and on-
line fault detection in induction motor. Few of the main
research works and recommendations were like, Electric
Power Research Institute motor reliability study [1], states
that stator faults are responsible for 37% of the induction
motor failures. According to Neale [2], the purchasing and
installation costs of the equipments usually cost less than half
of the total expenditure over the life of the machine for
maintenance. According to Wowk [3], maintenance
expenditure typically presents 15% to 40% of the total cost
and it can be up to 80% of the total cost.

This is the matter of fact that the process of induction motor
condition monitoring and its potential fault diagnosis is as old
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as the induction motor itself. Initially the fault detection in
induction motor was based on the conventional approaches of
estimation of over-current and over-voltage for ensuring the
optimum operation. Regardless of the availability of these
tools, numerous organizations are still facing problems due to
unexpected failure of machineries with reduced motor life
span [4]. Since, the works delivered by induction motors
progressed more and more complicated, the enhancements for
system was realized for condition monitoring and its fault
diagnosis [5]. A number of enhanced diagnostic approaches
were advocated and control mechanisms were devised for
ensuring the fault resilient control devices.

A number of approaches and systems are there for monitoring
the induction motor functions for ensuring the higher
consistency. Few leading approaches are as follows [6]:

EMF monitoring systems,

Systems based on temperature estimation,

Infrared recognition approach,

Monitoring approach based on Radio frequency
emissions analysis,

Approaches based on the estimation of Noise and
vibration in machines,

Approaches considering the speed and torque of rotor,
System based on chemical analysis,

Acoustic noise measurement based techniques,

Motor current signature analysis (MCSA) based
systems,

o Artificial intelligence and neural network based fault
diagnosis systems.

In spite of these above mentioned approaches and tools, a
number of industries are there which suffer from unexpected
failures of the systems that ultimately results into industrial
lower productivity. Different issues like environment,
functions and system installations might cause failure of the
system in its combined form[7]. Therefore, any kind of
system optimization and enhancements could be of significant
interest for all.

The extensive utilization of the automation approaches and
the reduction in the direct HMI opportunities in industries
have ignited the demand for optimum condition monitoring
and fault diagnosis. On the other hand, now a day the
industries emphasize more on quality and reliable operation of
systems throughout the life span of the machineries.

Fault Detection Approaches

The faults can be in various places like in the stator of the
induction motor, its rotor, motor bearing parts, or the external
peripheral systems associated with the induction motor [8].
Various fault detection approaches for Induction Motor are
shown in Figure 1. The approaches are broadly classified into
three categories viz. model based, signal processing based and
artificial intelligence approaches [9].

Model based techniques make use of mathematical models of
the system. Nevertheless, an accurate mathematical model of
a physical system is hard to obtain. Usually, the parameters of
the system may vary with time, and the features of the faults
and noises cannot be modeled precisely. Hence, there is
always a lack of congruence between the actual system
(motor) and its mathematical model even under no-fault

conditions. Such inconsistencies cause problems in fault
detection and condition monitoring applications, and may act
as sources of false alarms and missed alarms.

Many endeavors have been reported by researchers about the
implementation of artificial intelligence (Al) in motor
monitoring and fault diagnosis. Here, expert system has been
widely used as a tool for the fault detection [10]. Several Al
techniques have been developed and applied in the monitoring
processes of faults, among them, the Artificial Neural
Network (ANN), Fuzzy Logic (FL) and Support Vector
Machines (SVM) [11]. Typically, expert systems are trained
using a database that correlates measurement and
corresponding fault. In practical applications, the severity
levels of faults may vary and not exactly match the database
used for training. This can lead to false diagnosis.

Thanks to the recent Digital Signal Processing technology
developments, motor fault diagnosis can now be done in real-
time, based on minimal signal procurements from the motor,
e.g. stator line current or vibration signals. It facilitates
precise and low-cost motor fault detection. While using DSP,
the fault code is embedded into the algorithm that processes
the instantly measured current data for both fundamental
component and fault signature frequency.

INDUCTION MOTOR
FAULT DETECTION TECHNIQUES

Model based Signal Processing Artificial Intelligence
Techniques Techniques Techniques

|

Parameters based STFT Neural Network
. . Fast Fourier Transform Fuzzy Logic
State Estimation

Discrete Wavelet ANFIS
Transform |

SupportVector
Machine

Figure 1 Various fault detection approaches for Induction Motor

The major faults in the induction motors can be classified as
follows:

1. Windings or short circuit caused faults
2. Broken rotor bars faults

3. Eccentricity faults

4. Bearing and gearbox failures

These prominent faults in induction motor can cause single or
even multiple effects, like,

Unstable voltages and line currents
Mechanical Vibration and noise
Pulsations in torques

Excessive heating of the machineries
Leakage of electromagnetic flux; etc

abrwnE

Fault Diagnosis Methods

A number of mechanisms and approaches have been
developed for diagnosing the faults in induction motor.
Numerous approaches have come out with impressive results.
However, there persists a huge gap for further development
and enhancement. Some important general approaches have
been presented below.
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Park’s Vector Approach

One of the difficulties met in the investigation portrayal of the
characteristics in majority of rotating electric machineries is
that the inductance of the machine is the function of the
relative position of the stator and rotor. In order to make the
understanding of the electrical machines simpler, R.H. Park
introduced a transformation approach that made their study
straightforward by transforming equations of motor into an
equivalent 2-phased orthogonal reference frame[12]. The
transformation of the 3-phased system equation into the 2-
phased orthogonal equation can be done by:

fy f,
-l
fO fc

In the above equation, the variable f refers to the function to
be transformed. The Park transformation matrix can be
presented as follows:
cos(0—=) |
(0-%) )

f cos(0) cos (6 - ?)
|qu0| - \/7|—Sln(9) —sin (9 - —) — sm e ——
1
ﬁ ﬁ 7z J
0 = ot refers to the angular displacement.

(2

By implementing the above mentioned transformation
approach, the orthogonal components of the Park's current
vector can be estimated from the symmetrical 3-phased
current system, encompassing the components i, i, and ic.

iqg= \E [ia coso + iy, cos (6—23—”) + i.C0S (6+23—“)] (3)
ig :\E i, sin+ iy, sin (6 — ) + i.sin (0 + Z)] )
In case the reference is confined in the stator of the induction

motor machine (6 = 0) the above-mentioned expression
becomes,

iy =1, —'Eb—%c (5)
ERLTA ©

In case the 3-phase stator current system of induction motor is
completely symmetric, the stator currents can be written, as
follows:

i, = V2 Isin(ot) (7
i, = V2 sin(ost+ %) 8)
ic = V21 sin(ogt+ ) ©)

In above-mentioned expression, | refers to the maximum
value of the input phase current, ws refers to the input
frequency and t refers to the time parameter. Now,
substituting the equations, a final expression representing the
two orthogonal components of Park's current vector for a
healthy electrical machine are given below:

a =2 I'sin(ot) (10)

iq= 2 ) cos(ot) (11)

2

Considering the above mentioned expressions, it can be
realized that in Park’s representation the healthy motors
exhibit faultless circle. Considering the retrieved matrices of
induction motor the associated curve for faulty motor can be
obtained. In case, there exists the rise in fault severity, then
the graph would be getting distorted. In this implementation
scheme, there is a major issue, as it suffers limitations for
exhibiting isolation of varied faults in the squirrel-cage
induction machine. This happens due to multiple faults and
problems that might create similar deviation in the Park’s
vector results.

Fast Fourier Transformation

The Fourier transform converts the time domain into
equivalent frequency domain or vice versa. FFT is the
potential and highly efficient approach for performing
aforementioned conversion by factorization of DFT matrix
into a product of sparse factors [13]. This efficiency makes
FFT applicable for various applications in science and
engineering.

In practical application, the execution time can be reduced
with higher degree and in such scenario, the enhancement is
approximately in relation with N / log (N). Such huge
enhancements cause strengthening of the estimation of DFT
pragmatic and thus FFTs technique becomes more useful in a
wide variety of applications, from digital signal processing to
algorithms for quick multiplication of large integers.[7]

The expressions for various fault frequency components in the
measured current signal of induction motor have been
presented here.

Broken rotor bars

The mathematical expression for broken rotor bars can be
presented as follows:

fo, = f.(1%25) (12)

In the above mentioned expression, f,=
frequency, fs= supply frequency,
s = slip.

broken bars

Stator winding short circuits

In case of short circuit faults in induction motor the equation
for frequency is given by the following expression:

foo =", * {E 1-5) =k} (13)

where, f,, = short circuit frequency, f¢ = supply frequency, n
=12,3...
p = pole pairs, s=slip, k=1, 3, 5...

Eccentricities

Eccentricity is also one of the major kinds of induction motor
faults in which the frequency analysis is made based on
following expression:

foc [(r+nd)( )+n ] (14)

Where, f.. = eccentricity frequency, f ;= supply frequency, r =
number of slots
ng = =1, p = pole pairs, s = slip frequency, n,,s =1, 3, 5...

Bearing failures
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One of the most frequent failures in industrial applications is
caused due to bearing faults. The frequency analysis
expression for bearing fault is given as follows,

fobo =04 *nxfip (15)
fbbl =0.6x*nx frm (16)

Where, fono= lower frequency, fypi= upper frequency, n =
number of balls, f.,= rotor mechanical frequency

With MCSA, taking into consideration of various parameters
as well as the slip speed of induction motor, it is possible to
estimate the frequencies for each failure.

One of the most significant concerns to be taken into
consideration for the optimum failure diagnosis in induction
motor is the process of signal interpretation in which the
continuous input sinusoidal signal is composed of various
frequencies.

These frequency constituents will be partially caused by
different faults that may exist and the characteristics of the
motor load. The stator current has to be sampled and the
different frequency harmonics and their amplitudes should be
obtained. Then, with these parameters, the failure (the
frequency) and its intensity (amplitude) can be detected.

Discrete Wavelet Transform

In numerous applications, the wavelet transform has
established itself as a robust tool for dealing with certain non-
stationary signals such as vibration signal waveforms. The
approach facilitates very precise and efficient interpretation
for the signals of time domain as well as frequency domain
simultaneously, with the goal to explore all the components
such as local, transient or intermittent. In fact, the wavelet
transform might be one of two kinds, discrete or continuous

type [14].

The wavelet transform of continuous type reveals more
significant information of a signal as compared to discrete
wavelet transform but unfortunately, it posses higher
computation time as compared to the discrete. On the other
hand, for the majority of applications and especially in
industrial applications the signal processing is needed with
much higher efficiency and processing pace. Therefore,
discrete wavelet transform becomes a potential player for
such applications. The DWT takes into consideration of a
dyadic grid and orthonormal wavelet basis functions that
ultimately exhibit zero redundancy. DWT estimates the
wavelet coefficients at certain definite discrete intervals of
time components and scales. The estimated coefficients of
DWT can be employed to construct a set of characteristics
that explicitly represent different types of signals.

A function in DWT known as the dilation function can be
expressed in terms of the tree of low and high pass filters
where every individual step transforms the low pass filter into
further lower and higher frequency signal components. The
illustration of such transformation has been given in Figure 2.
The process of signal decomposition takes place with the
input original signal by successive decomposition into several
signal components of lower resolution. In other words, the
components with higher frequency are not processed for
analysis in further steps. In DWT, the components with lower
frequency of the signal are stated as approximations, while,

on the other hand, the higher frequency components are
referred as details.

Level 1 | D1 ] [ A1 |

g
Level 2 | D, | ‘ A, I

— 3
Level 3 \ D: | | A3 I

Figure 2 Filter bank representation of the DWT

The overall mechanism of signal decomposition in DWT has
been illustrated in Figure 3.

In this process, the original signal x[n] is initially processed
with a half band high pass filter g[n] and a filter for low pass,
stated as h[n]. Once the filtering is accomplished, the samples
generated are eliminated as per Nyquist’s criteria. In general,
eliminating other samples, it would further be decomposed
into sub-samples of signal by two and then the signal would
be divided into half of the number of points. Now, the scale of
the signal is doubled. Here it must be noted that the filtering
process makes the removal of a section of the frequency
information, but the scale of components remains unchanged
[15].

Majority of researchers have provided sophisticated
expressions of fault frequency components; but they have not
signified the most accurate diagnostic model, for stator
current analysis. In numerous research works, machine
models based on numerical calculations for fault detection are
employed. Nevertheless, they do not facilitate the methodical
stator current expressions, which are significant for the
selection of appropriate signal analysis and fault detection
approaches. The most extensively employed approach for
stator current dealing out in this circumstance is the
estimation of the spectrum. Generally, the power spectral
density (PSD) for stator current is calculated by applying
Fourier transform approaches. However, there is the need of
highly robust and advanced approaches for analyzing the non-

stationary signal[16].
] o
NS

hin] aln]
f=0+,,,,/2 N = =/ 25 max

Ny lowpass highpass N,
Down-
sampling N+ (12 (12 N2
Level 1 CA; cD,

DWT coefficients

hin] gln]
=04 ,,,/4 D_ LL = a4 0/ 2

Ng/2 lowpass highpass | N/2

@ Ngi4 Down-
sampling

Level 2
DWT coefficients

Na (12)

Figure 3 The DWT decomposition of a signal
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One of the potential analysis approaches of WT is
multiresolution analysis (MRA). This scheme provides an
efficient way to exhibit analysis of the characteristics of a
signal at varied frequency bands. The WT acts as a
‘mathematical microscope’, through which different parts of
the signal are examined by adjusting the focus. Such features
become significant in the process of pattern recognition.
Therefore, MRA scheme is employed with the applications
for on-line detection and classification of faults in induction
motors.

The discrete wavelet transformation accomplishes better time-
frequency representation of data signal. In recent times, the
DWT approach is a preferred technique for diagnosing
squirrel-cage induction motor and its condition monitoring.
The scheme is based on the process of recognition or
diagnosis of various features. The retrieved patterns are used
to analyze and identify the faulty components in motor. The
DWT MRA is an approach that can be considered as a
potential candidate to deal with fault identification
requirement, as this scheme is highly robust for performing
analysis of the faults in the induction motors.

Fault Signature Analysis through Vibrations and currents
One of the important approaches for supervising mechanical
faults or system failure is vibration-monitoring technique.
Because of the characteristics of the mechanical faults, the
vibration emerges with the allied components of machineries.
As the mechanical vibration causes the generation of acoustic
noise, thus it facilitates the possibility of noise monitoring.
Then, while, none of these approaches are economical as the
cost of transducers being used is higher and therefore, these
approaches could be implemented only with the large
machines or highly critical industrial applications.

In such scenario, a cost effective approach could be the
implementation of the stator current based monitoring
approaches, because the measurement of current is relatively
simple. Furthermore, current measurement approaches are by
now accessible in numerous control drives for machinery or
application protection intentions[17]. However, the influences
caused due to mechanical faults or system failures on the
current variables of the stator of motor become very
complicated to estimate. Consequently, the monitoring
process based on the stator current analysis is undoubtedly
more complicated as compared to the monitoring process
based on mechanical vibrations.

One of the prime advantages of current based fault monitoring
approach, as compared to vibration based schemes is that this
system does not need additional or many sensory transducer
interfaces. The consideration of numerous sensor based
systems makes the overall system highly complicated and
thus the overall overheads get increased.

In order to get a complete monitoring system, a huge number
of transducers dedicated for vibration measurement are
required to be placed on different system apparatus, that are
probable to fail like, bearings, gearbox machines, stator
frame, load components. Then, a severe mechanical defect in
any component affects the electric machinery throughout the
load torque and the speed of the shaft. This demonstrates that
the machineries or motor might be considered as an
intermediate transducer component where a collection of fault
effects congregates collectively [18].

VLSI Platform for Fault Diagnosis

The approach of digital signal processing offers robust
techniques for diagnosing numerous faults in induction motor.
On the other hand, the use of Field Programmable Gate Array
can play a vital role in overall system optimization and
efficiency enrichment. Considering the vital factors viz. time,
speed, memory and thus resulting performance, the FPGA
implementation in the fault diagnosis applications could be a
better step to optimize fault diagnosis in induction motor [19].

The important issues in existing approaches are the higher
complexity and lower performance. On the other hand,
majority of new systems cannot be implemented with
conventional techniques. Therefore, a highly optimum and
effective system is desired, which can perform on a VLSI
platform and can be effective with real-time embedded system
implementation. In spite of these facts, it is also required that
the system must be functional for multiple faults as the
detection and diagnosis with individual faults cannot be a
better or optimum solution [20].

CONCLUSIONS

Considering all these factors and constraints, a number of
approaches have been explored for fault detection and
diagnosis in induction motor. The diagnosis system setups
have been developed with faults like stator faults, inter-turn
faults, bearing faults, rotor bar faults and many more with
different approaches. Approaches such as FFT, Park's vector,
DWT enabled MCSA system and FPGA based systems have
been explored for fault identification.

By using signal processing based approaches, like discrete
wavelet transforms, one can identify the particular phase of
the induction motor, where the fault occurs, using
multiresolution analysis. Subsequently, a quantitative analysis
technique could be exploited for not only the detection of
broken rotor bars fault, but also, to know the severity of such
faults in the motor.

References

1. Siddique and G. S. Yadava, “A Review of Stator Fault
Monitoring Techniques of Induction Motors,” IEEE
Trans. Energy Convers., vol. 20, no. 1, pp. 106-114,
2005.

2. Neale, M. J. The benefit of condition
monitoring: Condition monitoring of machinery and
plant, Mechanical engineering publications Ltd., The
Institution of Engineers, London (1985):pp. 25-30.

3. V. Wowk, Machinery Monitoring. Machinery
Vibration- Measurement and Analysis, New York:
McGraw-Hill Inc. 1991, pp. 17-18.

4. M. E. H. Benbouzid. “A review of induction motors
signature analysis as a medium for faults detection.”
IEEE Transactions on Industrial Electronics, Vol.47,
No.5, pp. 984-993, 2000.

5. P. J. Tavner. “Review of condition monitoring of
rotating electrical machines,” IET Electric Power
Applications, Vol. 2, No. 4, pp. 215-247, 2008.

6. S. Nandi, H. A. Toliyat, and X. Li. “Condition
monitoring and fault diagnosis of electrical motors — a
review.” IEEE Transactions on Energy Conversion,
Vol.20, No.4, pp. 719- 729, 2005.

6922



International Journal of Current Advanced Research Vol 6, Issue 10, pp 6918-6923, October 2017

10.

11.

12.

13.

Dr.Y.Padma Sai, Y.Swetha Sree Design and
Implementation ~ of VLSl  Architecture  for
Mixed Radix FFT International Journal of Scientific &
Engineering Research, Volume 3, Issue 11, PP 1-6,
November-2012

S.M. Shashidhara and Dr.P. Sangameswara Raju
Embedded System Development for Multiple Fault
Diagnosis of Induction Motor in International Journal
of Advanced Research in Electrical, Electronics and
Instrumentation Engineering, vol.4, ppl014-1021,
2015
Vinicius A. D. Silva, and Robson Pederiva Fault
detection in induction motorshased on artificial
intelligence, 2013

M. Lokesha, Manik Chandra Majumder, K. P.
Ramachandran, Khalid Fathi Abdul Rahee: Fault
Detection and Diagnosis Ingears Using Wavelet
Enveloped Power Spectrum and Ann International
Journal of Research in Engineering and Technology,
ISSN: 2321-7308, Volume: 02 Issue: 09, Sep-2013
ppl146-158.
R.SaravanaKumart K.Vinoth Kumart Dr. K.K.Ray,
Fuzzy Logic based fault detection in induction
machines using Lab view, 1JCSNS International
Journal of Computer Science and Network Security,
VOL.9 No.9, pp 226-243, September 2009
Shashidhara SM, Raju PS. Stator winding fault
diagnosis of three-phase induction motor by Park’s
Vector Approach. International Journal of Advanced
Research in Electrical, Electronics and
Instrumentation Engineering. 2013 Jul; 2(7):2901-6.
Cusido J, Romeral L, Ortega JA. Fault detection in
induction machines using power spectral density in
wavelet decomposition. IEEE  Transactions on
Industrial Electronics. 2008 Feb; 55(2):633-43.

14.

15.

16.

17.

18.

19.

20.

Mini VP, Sivakotaiah S, Ushakumari S. Fault detection
and diagnosis of an induction motor using fuzzy logic.
IEEE Region 8 SIBIRCON. Listvyanka 2010 Jul 11-
15; 459-64.

Raj VP, Natarajan K, Girikumar TG. Induction motor
fault detection and diagnosis byvibration analysis using
MEMS accelerometer. International Conference on
Electrical and Computer Engineering; Bangalore. 2013
Oct 10-11. p. 1-6.

Jagadanand G, Gopi L, George S, Jacob J. Inter-Turn
fault detection in induction motor using stator current
wavelet decomposition. International Journal of
Electrical Engineering and Technology (IJEET). 2012
Jul-Sep; 3(2):103-22.

Sawitri DR, Ketut I, Purnama E, Ashari M. Detection
of electrical faults in induction motor fed by inverter
using support vector machine and receiver operating
characteristic. Journal of Theoretical and Applied
Information Technology. 2012; 40(1):16-22.

Dias CG, Chabu IE. Spectral analysis using a hall
effect sensor for diagnosing broken bars in large
induction motors. IEEE  Transactions  on
Instrumentation and Measurement. 2014 Dec;
63(12):2890-902.

Anbazhagu UV, Praven JS, Soundarapandian R. A
proficient approach for monitoring induction motor by
integrating embedded system with wireless sensor
network. Indian Journal of Science and Technology.
2014 Nov; 7(S7):174-9.

Shashidhara SM, Sangameswara P Raju FPGA Based
Embedded System Development for Rolling Bearings
Fault Detection of Induction Motor, International
Journal of Reconfigurable and Embedded Systems,
Vol 2, No 3, pp 127-134

How to cite this article:

Shashidhara S.M (2017) 'General Approaches of Fault Diagnosis And Condition Monitoring of Squirrel-Cage Induction
Motor: A Review', International Journal of Current Advanced Research, 06(10), pp. 6918-6923.
DOI: http://dx.doi.org/10.24327/ijcar.2017.6923.1041

*kkkkhkk

6923


http://dx.doi.org/10.24327/ijcar.2017.6923.1041

