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This paper presents a review of the researches done on fault tolerant control types, methods, main
objectives of the fault tolerant control and fault diagnosis of induction motor faults that used the
wavelet transform. Wavelet transform from the fault diagnosis point of view, is a summary of the
wavelet types (continuous and discrete), machine faults, diagnosis methods and their validation,
respectively. Types of software, generality of codes, one dimensional and two dimensional DWT and
frequency characteristics components of healthy and faulty induction motor are given. Finally, stator
short winding and open winding are taken as a case study to show the effectiveness of the wavelet

techniques for fault diagnosis.
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INTRODUCTION

Induction motor is crucial in industries for many reasons,
such as simple construction, low maintenance
requirement, rigid and high reliability like compressors,
pumps and fans. Since the induction motor current
contains harmonics that are used as fault indication of
many faults, Figure 1. shows the induction motor faults
percentages, squirrel cage motor are mostly important
due to the fact that they can work under fault conditions
without any visible fault seen until the fault becomes high
(Khalaf et al., 2010). However, this fault has a relative
cheapness and high reliability (Bodkhe and Aware, 2009).
Many different techniques used for the detection of faults
concentrate on the stator fault due to noninvasive
properties. The mathematical equations used to separate
a given continuous-time signal into several scale
components is called wavelet. The wavelet techniques
are new in the field of fault diagnosis due to its ability to
extract information in both time and frequency domain as
well as it provides a sensitive means to the diagnosis of
faults if compared to other signal processing methods like
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Fourier. A good review was presented for the diagnosis of
machines using a condition-based maintenance
approach by Andrew et al. (2006). The fault diagnosis
has two main levels: (1) It comprises a traditional control
level and (2) it contains a knowledge based fault
diagnosis.

Fault diagnosis techniques contain feature extraction
module (wavelet), feature cluster module and fault
decision module (1). The negative sequence current and
impedance are chosen as good fault indicators, while
Park’s vector and the motor current signature analysis
(MCSA) are used to diagnose the stator short circuit fault.
One of the most important analysis tools in both
frequency and time domain is the wavelet. The multi
resolution analysis and good time localization makes the
wavelet very attractive for the researchers in fault
diagnosis. Signal processing techniques, like FFT, are
based on the following assumptions: that the constant of
the stator fundamental frequency, load and motor speed
is sufficient so it cannot be used with nonlinear systems.
SIEBER LS71 induction motor parameters are used in
the modeling of induction motor as it can be seen in
Table 1.

This paper is organized as follows. First, it presents the



Table 1. SIEBER LS71 induction motor parameters.

Motor specification Unit Value
Power kw 0.5
Current Ampere 1.7
Voltage (delta) Volt 230
Rated speed RPM 2800
Poles 2
Moment of inertia Kg.m? 3.5e-4
Rs ohm 24.6
R: ohm 16.1
Ls Henry 40e-3
L Henry 40e-3

fault tolerant control of induction motor and then the
wavelet of induction motor fault diagnosis. Lastly, a case
study is presented to investigate the effectiveness of
wavelet in the field fault diagnosis. Rong-Jong and Jia-
Ming (2002) proposed a new intelligent control of
induction motor using neural network with wavelet to get
a good tracking performance. Campos-Delgado et al.
(2008) presented a good review on the fault tolerant
control in both induction motor and DC motor. They
studied the common fault scenarios, diagnosis strategies,
artificial intelligence and fault accommodation schemes
that were suggested. Sang-Hyuk et al. (2006) presented
the stator current fault detection using Fourier and
wavelet with intelligent control to detect and separate the
faulted data.

Fault tolerant control

Many efforts in the control community have been recently
devoted to study “fault-tolerant” control (FTC) systems,
namely Ron et al. (1997) who present fault-tolerant
control systems. They presented good details for the
types of fault tolerant control, its areas, architecture and
control systems, which enable them to detect the
incipient faults in sensors and/or actuators on the one
hand and on the other, to promptly adapt the control law
in such a way as to preserve pre-specified performances
in terms of the quality of production, safety, etc. The fault
tolerant control consists of two steps:

(1) Fault diagnosis.
(2) Re-design controller.

Currently, FTC in most of the real industrial systems is
realized by hardware redundancy. For example, the
majority-voting scheme is used with redundant sensors to
cope with sensor faults. However, due to the two main
limitations of the hardware redundancy (high cost and
occupying more space), solutions using analytical
redundancy have been investigated over the last two
decades. There are generally two different approaches
using analytical redundancy:
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(1) Passive approaches (classical control)
(2) Active approaches (adaptive control).

Recently, an elegant design method of the passive
approach was proposed, in which the linear matrix
inequality (LMI) method was used to synthesize the
reliable controller.

The disadvantages of the passive approach are:

(a) The method is based on an accurate linear state
space model and therefore it is not capable of controlling
a non-linear process for which an accurate analytical
model is usually unavailable.

(b) For the fact that the passive approaches consider
fault tolerance in only the stage of controller design and
without taking adaptation when faults occur, the
amplitude of the faults that can be tolerable is usually
small and cannot meet the requirements in practice.

There are many methods that deal with the active fault
tolerant control such as linearization feedback, linear
quadrature method, Pseudo inverse method, Eigen
structure assignment method, neural network, control law
rescheduling, model predictive control MPC, He, norm
optimization and 4 parameter controllers. The main
disadvantage of their designs is that they consider large
fault effects which do not challenge the robustness
problem. A consideration of smaller or incipient (hard to
detect) faults would have given a more realistic and
challenging robustness problem to be solved. The remote
diagnosis is another type used with the fault tolerant
control. As such, the FTC can be classified also due to
the fact that:

(i) The off board component has (nearly) unlimited
computing power, but has to cope with the limited and
possibly biased measurement data.

(i) The on board component has to work with the
restricted computing power and memory size which limits
the algorithm complexity of the task to be performed.

Xiaodong (2002), in his Ph.D thesis, presented a novel
isolation scheme with its robustness and sensitivity
properties using adaptive thresholds in the residue
evaluation stage in the three tank system, a rigid link
robotic manipulator and the Van der Pol oscillator
system. Haider et al. (2008) proposed a fault tolerant
control design that consists of two parts: a nominal
performance controller and a fault detection element to
provide fault compensating signals to the feedback loop.
The nominal controller can have any given structure that
satisfies the performance specification, and so the
detection element will operate in parallelism with the
system until a fault is detected.

Fault tolerant operations of soft starters and adjustable-
speed drives (ASDs) when experiencing power switch
open-circuit or short-circuit faults are presented in Chia-
Chou (2007). Jean-Etienne et al. (2007) presented a
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method for designing switching controls and analyzing
achievable performance for motor drives to maintain the
system operation. A collection of results towards a unified
framework for fault tolerant control in the distributed
control systems are given in Andrea (2003). Amr et al.
(2006) present a fault tolerant strategy for the problem of
loss of one phase in a field oriented controlled three
phase induction motor, in which the proposed solution,
rather than previously suggested solutions, is a control
strategy in the single phase mode of operation of the
induction motor. Same authors describe a novel strategy
for restarting the three phase induction motor in a voltage
fed field oriented drive operating in the single phase
mode after the loss of one of the inverter phases (Amr et
al., 2007).

Sejir et al. (2006) presented an original strategy of fault
tolerant operation in the case of the doubly fed induction
machine (DFIM), whereas Jacobina et al. (2004)
investigated the voltage and current control of a five-
phase induction motor drive under fault conditions.
Mendes et al. (2003) exploit the advantages and the
inconveniences of using remedial operating strategies
under different control techniques, such as the field
oriented control and the direct torque control. Global
results, concerning the analysis of some key parameters
like efficiency and motor line currents harmonic distortion,
are presented among others. Nademi et al. (2008)
considered the problem of designing a fault tolerant
system for the IPMS motor drive subject and the current
sensor fault. To achieve this goal, two control strategies
are considered.

The first is based on a field oriented control and a
developed adaptive back stepping observer which are
simultaneously used in a fault-free case, while the
second approach concerns itself with a fault tolerant
strategy that is based on observer for faulty conditions.
However, Halim et al. (2008) proposed an on-line sliding
mode control allocation scheme for fault tolerant control.
The model-based fault detection and isolation schemes
used to reduce or eliminate the effect of unknown
disturbances on the multi input and multi output induction
motor, and the effectiveness level of the actuators and
sensors faults was studied by Khalaf and Hew (2010).

Anjali et al. (2008) presented a novel intelligent
nonlinear state estimation strategy, which keeps the root
causes of the plant model mismatch diagnosed by
isolating the subset of active faults (abrupt changes in
parameters/disturbances, biases in sensors/actuators,
actuator/sensor failures) and auto-corrects the model on-
line so as to accommodate the isolated faults/failures.
Matthew et al. (2004) considered a control system design
for a rotor magnetic bearing system that integrates a
number of fault-tolerant control methods, whereas Wai-
Chuen and Li (2003) presented a plug-in robust
compensator for speed and position control enhancement
of an indirect-field-oriented-control induction machine
drive.

In a study by Vukosavic et al. (2005), a vector control
algorithm, based on indirect rotor flux orientation, was
briefly described, with special attention paid to the current
control issue, from the point of view of the minimum
number of current controllers for the six phase induction
motor. The IFOC can transform the induction motor from
a nonlinear into a linear system, but with many
assumptions. It is well known that the output response is
sensitive to the plant parameters variations such as the
rotor resistance. In Youmin and Jin (2008), a
bibliographical review on the reconfigurable (active) fault-
tolerant control systems (FTCS) was presented. The
existing approaches to fault detection and diagnosis
(FDD) and fault-tolerant control (FTC) in a general
framework of the active fault-tolerant control systems
(AFTCS) are considered and classified according to
different criteria, such as:

(1) Design methodologies
(2) Applications as seen in Figure 2.

Hui-Wei et al. (2008) presented an adaptive fault tolerant
control (FTC) of nonlinearly parameterized systems with
uncontrollable linearization. The progress was made due
to the development of a novel feedback design technique
called adding a power integrator, which was motivated by
homogeneous feedback stabilization and was proposed
initially for global stabilization of nonlinear systems with
uncontrollable linearization. Fekih et al. (2009) presented
a new strategy for the fault tolerant control of aircraft
systems, while Romero et al. (2009) proposed the uses
of multisensor switching control strategy for fault tolerant
direct torque and flux control of the induction motor.

Ghoshal et al. (2009) presented the analytical
redundancy relation (ARR) based approach for fault
detection and isolation (FDI) with application to the
hydraulic and thermo fluid process using Bond graph to
model the FDI.

Stoyan (2004) introduced, in his PhD thesis, the main
methods in fault tolerant control.
Typically, an active FTCS consists of three parts:

(1) A robust reconfigurable controller
(2) AN FDD scheme with high sensitivity to faults and
robustness to model uncertainties and external
disturbances, (including residual generation, residual
evaluation and threshold determination), and
(3) A reconfiguration mechanism which can organize the
reconfigured controller in such a way that the pre fault
system performance can be recovered to the maximum
extent.

Nonetheless, a control law reconfiguration mechanism
is shown in Figure 3.

According to the depth of the information used by the
physical process, the approaches to the problem of
failure detection and isolation fall into two major groups:
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Figure 2. Active fault tolerant control methods.

(1) Methods that do not make use of the mathematical The existing FDI approaches can be generally classified
model of plant dynamics, or model-free FDI. into two categories:

(2) Methods that do make use of the quantitative plant (a) Model based schemes and

model, or model-based FDI. (b) Data-based (model-free) schemes.
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Figure 4. Methods of fault detection and isolation part of FTCS.

These two schemes can further be classified as
quantitative and qualitative approaches as shown in
Figure 4.

TRANSFORMATION TYPES OF WAVELET
Wavelet transformation contains many kinds, but in this
paper, the most important among them will be introduced,

such as:

(1) Discrete wavelet transformation
(2) Continuous wavelet transformation

(3) Wavelet packet decomposition transformation

There are more than ten transformation types of wavelet,
but the ones mentioned are the most famous according
to their usage in the fault detection and diagnosis of
induction motors. The wavelet is divided into two main
groups: the discrete wavelet transform and the
continuous wavelet transform, which is divided into two
subgroups namely the real wavelet as can be seen in
Table 2 and the complex wavelet as can be seen in Table
3. The CWT can be written as follows:

(1)

o *
omm=["_fwy,  0d
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Table 2. Continuous real wavelet transforms.

Beta wavelet

Hermitian wavelet

Mex.hat wavelet

Shannon wavelet

Beta wavelet

Hermitian wavelet

Mex.hat wavelet

Shannon wavelet

l//bem (t/a’ﬂ) = (_l)dp(t/a’ﬂ)/d[
y,)=2n)"""2C H, (t/2)e 120

w(t)=2/\Bor ) (1-12 /62t 1200
W (t)=2sinc(2t)—sinc(t)
l//beta (t/a’ﬂ) = (_l)dp(t/a’ﬂ)/dt

v, ()= (2n)‘”/ZCan(;/\/5)6(—1/2,1),2

w(t)=2/\Bor ) (1-12 /62t 1200

W (t)=2sinc(2t)—sinc(r)

Table 3. Continuous complex wavelet.

V=
~\2 it\/Ee;yf(L j(l —?) e-O-S'ZJ

Mexican hat wavelet

Morlet wavelet

Shannon wavelet

Modified Morlet wavelet

2
2 E—o.zs(\/;(_tz)e—o.& B

5"

w(t) = (Cn™ (1/4))6—1/2r (en — k)

w(t)=sinc(t)e /!

w(t)= CI/, cos(a,t)sech(t)

*denotes the complex conjugate, where f(t) is the wave
form signal and y(t) is a wavelet.

-1/2

v ©O=2""2p@ "t-n) )

m,n

m and n controlling are the wavelet dilation and
translation, respectively, used to transform the original
signal into a new signal with smaller scales according to
high frequency components. This relation is valid for the
orthogonal basis of wavelet transform (a=2 and b = 1).
In the following continuous wavelet transform, a is the
scale parameter, while b is the time parameter.

@, ,0dal""? y=2) 3)

a

The wavelet families are divided into discrete and
continuous wavelet; though the DW will be written first
with their mathematical relationship (Table 4). In digital
computers, the discrete wavelet transform is a good
choice, while the mother wavelet is scaled in the power of
2 as in Salehi and Jalilian (2010). The continuous wavelet
transform (CWT) was developed as an alternative
approach to overcome its resolution problem as it is
shown in Table2 (Lorand, 2005). There are two
important properties in the wavelet; the first is the
admissibility and the second is the regularity conditions
which can be illustrated as in the following equations:

2
| |
Jﬂdw<+m (4)

lw|
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Table 4. Discrete wavelet transforms.

Coiflet discrete wavelet

Cohen Daubechies wavelet

Daubechies wavelet

Binomial-quadrature mirror filter (QMF)

Haar wavelet

Mathieu wavelet

Legendre wavelet

B, = _l)kCN—l—k
By, :(_l)ch—l—k

B, :(_l)ch—l—k

N-2/2
h(m)= X6 X,.(n)
r=0

Vi) =y 2" 1—k)

,ce (&l2,q)

H (@)=—e 7
ce,(0,q)

Hy(@)=1/2 sh’ e I*
ke Z

Table 5. Induction motor fault diagnosis methods validity.

Faults method Bearing Stator winding

Air gap eccentricity External (sensors)

MCSA Ok Partial
Vibration analysis Ok Not
Axial flux Not Partial
Partial discharge Not Ok
M.B FDD Not sure Ok

Ok Not
Ok Not
Ok Not
Not Not
Not sure Not

where w(w) is the Fourier transform of the wavelet
function y(t), used to investigate the signals and then to
reconstruct it without losing any information, which
means it would be equal to zero according to the
following equation:

ly (o) 1”=1 (5)
Another important property of the wavelet is:

[w(@)=0 (6)

Signal processing techniques of induction motor
faults

In this context, the main faults in the induction motor and
their validity (Table 5) will be taken into consideration,
and a summary of the fault diagnosis methods properties
(Table 6) will be written down.

Air gap eccentricity

The mechanical faults that happened due to many
reasons such as machine manufacturing, assembly
unbalance load, bent shaft and bearing wear (Tsoumas
et al., 2005) used the wavelet of current space vector to
detect the broken rotor bar and air gap eccentricity faults:

fecc:fs(lik'l_s] (7)
p

Sore = fs £ 2ks) (8)

Cusido et al. (2007, 2008) presented the wavelet
detection using MCSA method because it needed not
more than a single line current, and according to the
position of the side band frequencies around 50 Hz, they
classified the faults due to the following equations:

froe = f{li m(l et H ©)
p




Table 6. Summary of the fault diagnosis methods properties (Khalaf et al., 2010).
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Techniques Required

measurement

Application Advantages

Drawbacks

Motor current signature
Analysis(MCSA)

Complex park vector (CPV)

Axial flow (AF) Axial flux

Torque harmonics analysis (THA)

Impedances of inverse sequence (11S)

One stator current

Two stator currents

Two stator currents
and voltages

Two stator currents
and voltages

Two stator currents

1.Rotor broken bar
2.Stator winding turn fault
3.Air gap eccentricity

1.Low cost
2.Non invasive

1.Rotor broken bar

- 1.Non invasive
2.Stator winding turn fault

. . 2.Simple
3.Air gap eccentricity Simp
1.Rotor broken bar
2.Stator winding turn fault 1.Low cost

3.Air gap eccentricity

1.Rotor broken bar
2.Stator winding turn fault 2 Non invasive
3.Mechanical faults in load ’
Stator winding turn fault
2.Non invasive

Stator winding turn fault 2.Non invasive

3.Easily to adapt to each motor

1.Incipient faults detection

1.Incipient faults detection

1.Frequencies’ vary from motor to other
2.Lilted to some states

Mismatches faults

Non invasive

1.Mechanical fault detection

Not effective in short circuit. faults

Required great measurement precision

1.Required training period
2.Not effective in the motors changes states

ANN and voltages
Sece =f1|:l(l—s)ik} (10)
p
1-
fbrb:f1|:m[p/;]i5} (11)
fairgap :l fl imf;’,o | (12)

Hamidi et al. (2004) presented the detection of a
mixed eccentricity fault using WPD, which was

done by a modified winding function. Antonino et
al. (2006) presented the detection and diagnosis
of mixed eccentricities and rotor asymmetries with
different sizes and conditions as well as effective
oscillations due to the load torque or voltage that
were studied individually. Antonino et al. (2009)
presented many cases for fault diagnosis (mixed
eccentricity, broken rotor, inter-turn and inter-coil
stator short-circuits) using DWT at start up current
of induction machines according to the stator
parallel branches. Antonino et al. (2005)

presented the detection of mixed eccentricities
fault in the induction motor using Hilbert Huang
Transform with DWT. Zhongming et al. (2000)
used WPD to detect both air gap eccentricity and
broken rotor bar after giving a brief detail about
the wavelet and feature extraction.

Gear box and bearing faults

The mechanical frequencies needed to investigate
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Table 7. Induction motor frequency characteristics formulas.

Air gap eccentricity fault
Broken bar
Healthy machine harmonic

Inter turns short circuit of stator winding

Fault frequency component of bearing inner ring

frafa(1F2ks) & firp= K/p(1-8)1£S)fs,

fecc= fe (1t k(1-35)/p)
with k/ k p=1,3,5

fu=[kt -9 23] £,

J[;:: ZI:H_ES':IJE& JE:: :|:5_45']

fiee =2 £(1+2Cos (a)

Level 1 detail
coefficient

Figure 5. Wavelet decomposition.

the mechanical fault such as gear box are shown in
Table 7.

Yixiang et al. (2010) used the lean model to assess the
machine performance via DWT for the vibration and
bearing induction motor faults. Bin and Paghda (2008)
used the wavelet to detect the broken rotor bar,
eccentricity and bearing due to current, voltage and
instantaneous power, while the signals to noise ratio of
the spectral components were examined under varying
load condition of the single phase in the active cycle.
Rafiee et al. (2010) presented a study of how the mother
wavelet is chosen among 324 using four statistical
features to decide the db44, which is better in their
application. Jafar and Javad (2007) used Meyer wavelet
in the WP structure to detect the bearing defect using
SCA with energy comparison as the fault index. Jawad
and Mansour (2009) presented a review for most
important indexes in the different types of eccentricities
faults in the induction motors as well as the
consequences and effects.

Qiao et al. (2007) presented fault diagnosis of rolling
bearings, and the testing results show that the support
vector machines can separate different fault conditions
and identify the severity of incipient faults. In addition, it
gives better classification performance compared to the
single SVMs. Serhat et al. (2008) presented feature
extraction using wavelet technique to detect the bearing

Level 3 approx
coefficient

Level 3 detail
coefficient

Level 2 detail
coefficient

fault of 5HP (Serhat and Emine, 2003). Singh et al.
(2009) presented and detected the bearing fault of the
induction motor to treat and analyze the following signals
(three line to line voltages, three currents, two vibration
signals, four temperatures and one speed signal)
obtained from monitoring using wavelet transform.
Chinmaya and Mohanty (2006) studied a multi-stage
transmission gearbox in order to use the MCSA instead
of the conventional vibration monitoring with DWT and
FFT to investigate the sideband frequencies.

Abbasion et al. (2007) introduced the support vector
machine (SVM) as a classifier to compute optimum
wavelet decomposition and the diagnostic rolling of the
element bearings fault in the induction motor. Cusido et
al. (2006) presented a new method, which combines
wavelet and power spectral density techniques to detect
the bearing defect using the power detail density (PDD)
as a fault factor as can be seen in Figure 5. Rui et al.
(2010) used wavelet for the vibration signal based
mechanical equipment fault diagnosis, while the
algorithm were implemented using the WEKA algorithms
(Waikato Environment for Knowledge Analysis). Kaptan
et al. (2007) presented the application of MCSA using
WPD to detect bearing faults in adjustable speed drives.
Temperature monitoring, which is the mean, measuring
the component and operational temperatures, is another
trend that can be used for the diagnosis of induction



motor, particularly in the gears.

Stator faults result of opening or shorting the stator
coil or phase winding

The mechanical frequency needed to investigate the
electrical faults is shown in Table 7. Tong and Jin (2005)
presented an Eigen vector as a fault indicator of the
stator inter turn short circuit as follows:

E, E, E
T:{EOE‘%} (13)

T, E is the Eigen vector and energy Eigen value
respectively, and it contains the necessary information of
the electromagnetic torque signal as in Equation 14:

M-
E=), _, (abg?)” (14)

Mohammed et al. (2006, 2007) presented, in two papers,
the FE modeling of the induction motor internal faults and
solved the equation by a time stepping approach of the
broken bar and stator shorted turns using db10 wavelet
for both sinusoidal and non-sinusoidal, respectively.
Software diagnosis of short inter turn and open circuit of
the stator winding as an incipient fault was done by Ponci
et al. (2007) to avoid hardware cost and difficulty using
wavelet decomposition for different stator resistance
(Rs=0.001, 0.1, 0.7, 1, 4, 8) Q. Table 8 gives the wavelet
software, types and generality.

MCSA are used to detect faults with wavelet, while the
stator teeth harmonic variation used dg0 components
instead of labc as in Cusido et al. (2006). Gang et al.
(2008) employed the Bayesian belief fusion and the multi
agent fusion as a classifier tool to detect different faulty
collected data using the signal processing techniques for
smoothing and then using DWT to decompose the
signals into different ranges of frequency as shown in
Figure 6. Riera et al. (2009) presented a detection and
diagnosis of rotor asymmetries in induction motor. Based
on the analysis of the stator startup current, the authors
extracted the harmonic component introduced by this
fault at the left sideband component from the stator
startup current, while the digital low-pass filtering (DLPF)
and (DWT) were used by this technique. Combastel et al.
(2002) presented a comparison between model-based
and signal-based approaches in fault detection of the
induction motor. The electrical variables were described
according to the park transformation model, while the
broken rotor and stator winding failures were
investigated. In addition, the parameter variations due to
heating were considered. Radhika et al. (2010) presented
fault diagnostics of the induction motor using MCSA with
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WT extracted features that are classified using support
vector machine (SVM). Chao-Ming and Loparo (1998)
presented a fault detector in the vector controlled
induction motor to compute a "fault index” for the faults of
stator winding.

Shorted rotor field winding

Khan et al. (2006) present two DWT to detect and
classify the faults that occur in the rotor of the induction
motor. The continuous wave let is a part of the wavelet
used to detect the faults, especially when the overlapping
between the frequency supply signal and the adjacent
signal cannot be recognized. Six accelerometers used to
measure the vibration data of 5 kW put in independent
places around the motor detect the bearing damage
(Ayaz et al., 2006).

Saleh et al. (2005) presented a new technique for
detecting and diagnosing faults in both stator and rotor
windings using wound rotor induction motor. This
technique is based on a (WT MRA). Cusido et al. (2007)
presented both continuous and discrete wavelet to detect
many mechanical and electrical induction motor faults
using MCSA.

Broken rotor bar and crack end ring

The rotor broken bar frequency is an asymmetry
condition that is shown in Table 7.

Zhang et al. (2007) used the EMD which deals with
nonlinear systems to detect the broken rotor bar using
WODT. Cao et al. (2001) used the multi resolution wavelet
analysis method to detect the broken rotor bars according
to the analysis of stator current. According to this work,
the signal was first filtered and then differentiated.
Afterwards, it was entered into the wavelet (Daubechies
with 5 levels). Faiz et al. (2007) presented a novel
criterion to detect the broken rotor bar using TSFE to
model the broken bar faults in induction motor. The
criterion function used to detect the fault is:

criterion funct = avg .of fluctuatio n for (abs (D4)) (15)
mean current

Cunxiang et al. (2007) presented a novel method to
detect the rotor broken bar using ridge wavelet. In this
paper, only one phase of the stator current, enough to
extract the characteristics frequency component of the
broken bar, is shown in Table 7. Pons-Llinares et al.
(2009) presented a new method to detect the broken bar
in the transient region using TMCSA via frequency B-
Splines. However, the mother wavelet equation that they
used was:

yt)=C_ of sinc¢” (ﬁjejzm' (16)

m
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Table 8. Wavelet software (Niklas, 2003).

Type of software Generality Type of code 1D and 2D DWT and SWT compression (C) and de-noising (D)

Lifting notgbook Specialized Research The main feature of this software is automated factorization in lifting scheme

mathematical

Wavelet e?<plorer Very general Commercial 1D and 2D compression and de noising

mathematica
Global, level-dependent and/or interval/orientation dependent hard or (for D only) soft thresholding strategies:

Wavelet Toolbox Noise (D): Scaled white, unscaled white or colored. Donoho-Johnstone methods (D): 1D and 2D: Fixed-form 1D:

MATLAB Very general Commercial Heursure, rigsure, minimax. Empirical methods: Balance sparsity-norm (C) or (for 2D C and D) square root of this
threshold. Birg’e-Massart methods: Penalized high /medium/low (D) and (for C and non global thresholds) scarce
high/medium/low. C Remove near 0.
High-level commands for the following 1D DWT de noising methods under the assumption of white Gaussian
noise of variance 1: global threshold: Visually best (soft or hard) threshold (p2 log n). Minimax hard threshold.

Wave Lab MATLAB Very general  Research Level- dependent thresholds: Hard SURE threshold. Soft modified SURE threshold. Visually best soft threshold
with level- dependent noise level estimation.

Rice W.T General Research Soft or hard threshold Variance estimator: MAD (mean absolute deviation) or STD (classical numerical std

MATLAB and C estimate).

TF Toolbox General Research Used widely in signal processing. filters, recognitions, detections

MATLAB

Wavekit General Tutorial Good for tutorial, manual and demonstration some instruction can be written in C but with care

MATLAB and C ! ’ '

Wave++ C++ Specialized Research Used for both DWT& WP but need good knowledge in C++

WZICwP C++ Specialized Research Used for image compression in C++

WaveThresh3 General Research used as statistics approach in wavelet techniques

R(window and Linux)

where m = 2.

Pineda-Sanchez et al. (2009) used the fractional

Fourier transform as a spectral analysis tool with fault
the TMCSA to detect the rotor broken bar (Figure
7). Eren et al. (2002, 2007) presented the bearing

defects of the induction motor WPT
decomposition of 1 Hp induction motor stator
current through the test of RMS for both healthy



Gaeid and Ping 369

Approx L 3 Detail level 3 Detail level 2 Detail level 1
Y >

Ts/16 Ts/8

Tsl4 Ts/2

Figure 6. Frequency ranges for details and final approximation.

Figure 7. The TMCSA diagnosis system.

and faulty bearings.

The signal mean square of the discrete wavelet
function computation used to detect the statues of the
broken rotor bar of induction motor, using either healthy
or faulty FPGA, was introduced in (Ordaz et al., 2008)
their novelty weighting function as shown in (17).

of, =Y loc,, GOF (17)

Abbas et al. (2001) presented a novel approach that will
be used to detect the broken bar fault in squirrel cage
induction motor. Two 3 hp induction motor with cast
aluminum rotor bars are employed for this experiment.
Cabal-Yepez et al. (2009) used FPGA to detect many
fault in squirrel cage, such as unbalance, faulty bearing
and broken bars using parallel combination of fused FFT
and wavelet. Antonino et al. (2009) presented new
techniques for detection of the broken bar using high
order discrete wavelet (db40) and comparing it with the
classical methods, such as Fourier transform, applied in
two conditions:

ny2n, +2 (18)

n;is the level of the detail

Optimizeo

hreshold
decision

—n +1)
24 fq<f (19)

Cusido et al. (2006), according to the mistakes gotten
from the FFT, introduced the spectral density on wavelet
to detect many faults in the induction motor using same
equations (13, 14 and 15) as an indication of faults for
different load conditions (7 and 10%). As such, slip
changing and the motor current signature analysis
(MCSA) method was used for fault detection. The MCSA
has a disadvantage especially when the load torque
varies. Cusido et al. (2007, 2010) presented an on line
system for fault detection using many wavelets like
Mexican Hat, Morlet and Agnsis mother wavelet to detect
a broken bar fault. The drawbacks of using FFT are
investigated by many authors in detecting the rotor
broken bar through db40 as a mother function to avoid
the low level overlapping with adjacent bands. The
decomposition levels are tested according to the
following formula:

o = loe(fs/f) (20)
*7 log(2)

where fs and f are the sampling and supply frequencies,
respectively.
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According to the following equation:

N,=f /R (21)

R is the resolution and N is the number of samples.

Hamidi et al. (2004) obtained a 0.1 Hz resolution to
detect the faults in the induction motor using combination
of wavelet and power spectral density. Douglas et al.
(2003) and Douglas and Pillay (2005) presented fault
detection in the transient region for the broken rotor bar
using the instantaneous power FFT as a medium of fault
detection and wavelet in decomposing the residual stator
current after filtering the noise using Notch filter.
Supangat et al. (2006, 2007) presented wavelet indicator
for detecting the broken rotor bars by calculating the
absolute values of the summed coefficients in the third
pattern. The normalized wavelet was against the
summation of the wavelet coefficient, the number of
scales and the number of samples used. Samsi et al.
(2006) used the V/F control method to detect the broken
rotor bar in the induction motor, while the diagnosis
decision according to the probability distribution differs in
the operation statues of healthy and faulty motors. The
difference in entropy is used as a measure of:

i4Xp pki
ME= Slog(—) 22)
i=1  Pi

where p“is the distribution corresponding to run k.

Riera et al. (2008) used DWT to detect the broken rotor
bar in the transient region using slip dependant fault
component according to the energy ratio of the current

signal to the wavelet signal as in the following
relationship:
- _
2
p j
. _ j=Nb
7,,(indb) =10log " ) (23)
2lan(j)]
L /=Nb J

Antonino-Daviu et al. (2006) presented the broken rotor
bar fault detection using optimized DWT and FFT in the
steady state. Kia et al. (2007, 2009) presented a DWT for
broken bar detection and diagnosis faults in induction
machines. However, the energy test of bandwidth with
time domain analysis is the first step, before any other
steps are applied to the stator current space vector to
obtain the different broken bar fault severities and load
levels.

ARTIFICIAL INTELLIGENCE TECHNIQUES

Artificial intelligence played an important role in the
wavelet fault diagnosis and detection of induction motors,
such as ANN, fuzzy logic, neuro-fuzzy and genetic
algorithm. Abdesh et al. (2008) used the hybrid wavelet
and neural network (WNN) to detect and classify the
inverter's single phasing and shoot. However, the
structure of the proposed network is shown in Figure 8
(Abdesh et al., 2008). Kyusung and Parlos (2002) used
neuro predictor and wavelet to extract the non stationary
signal feature in the transient stage for 2.2, 373 and 597
kW, using negative sequence as electric faults and the
ratio as:

M)
™ (k)

s(k) = (24)

Online detection of rotor bar faults had been done using
wavelet with neural network after feature extraction with
different resolution of the stator current (Zhongming et al.,
2000, 2009). Guizhen et al. (2009) presented the neural
wavelet and selected the Morlet wavelet function as the
neural transfer function with new bias threshold and
weights techniques to detect the asynchronous motor
faults. Guang et al. (2009) presented a new fault
diagnosis based on the collection of both WPA and
hybrid support vector machine which give better results
when compared with the classical BP.

Xinsheng and Kenneth (2004) dealt with the detection
and diagnosis of a defect in ball bearings based on both
WT and ANFIS classification. Zacharias et al. (2009)
used the wavelet transform (WT) analysis with (ANN) for
the detection and diagnosis of winding faults in electrical
machines. Van Tung et al. (2009) presented a fault
diagnosis method based on an adaptive neuro-fuzzy
inference system (ANFIS) in combination with decision
trees. Classification and regression tree (CART) is used
as a feature selection tool to select features from data
set. Vilas and Sanjay (2010) proposed an optimal MLP
neural network based classifier for fault detection by
employing the information obtained from the stator
current. A detailed design procedure for MLP and the self
organized map (SOM) of the NN models is thus given.

Singh et al. (2009) presented a treatment of the
induction motor data obtained from physical parameters
which are used to train the neural network. Achmad and
Bo-Suk (2008) presented a new method of nonlinear
kernel based on wavelet (W-SVM). Feature reduction and
extraction, using the principal component analysis (PCA)
and Kernal principal component analysis (KPCA) for the
fault detection and diagnosis of induction motor, had
been done in this work. Zhongming and Bin (2001)
presented a novel method in detecting the broken rotor
bar using the neural network with 4 layers (2 input layers,
1 hidden layer and 1 output layer), depending on the CFC
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Figure 8. Structure of a three layer wavelet neural network.

of the location of (7-2s) f of the stator current. Qianjin et
al. (2008) presented a detection of the rotor broken bar
and stator inter-turn winding, using new methods that
depend on MCSA technique generalized harmonic
wavelet transform filter and hybrid particle swarm
optimization (HPSO) based wavelet neural network.

Xu et al. (2009) presented a novel method used to
detect the induction motor faults via wavelet neural with
genetic for optimization. Karatoprak et al. (2008) used
MWA to detect the vibration signals, while Shannon
entropy was used to calculate the feature vectors. After
that, the PCA used the probabilistic neural networks. Tan
et al. (2007) proposed a neural and fuzzy hybrid, based
on the integration of fuzzy ARTMAP (FAM) and the
rectangular basis function network. This project was
applied to the detection of the power generation station
faults.

INVERTER FAULT DETECTION

In order to control the mechanical speed, the inverter is
used to provide the induction motor with voltage of
varying amplitude and frequency. In the last twenty years,
the fault diagnoses of inverter faults have been given
great importance. Here, some of the researches in this
context by Khan et al. (2006) developed an online
protection of the induction motor from (PWM-VSI) using
DWT, for the induction motor controlled by fuzzy.
Khanniche and Mamat (2001) presented a novel method
used for detecting and identifying the transistor base
drive open-circuit fault of the three-phase (VSI), using
wavelet transform.

Dong-Eok and Dong-Choon (2008) presented DWT to
detect the discontinuity of signal and then they used SVM
to isolate the 3-phase PWM inverters.

Benslimane and Chetate (2006) presented a novel
approach in identifying the inverter fault using wavelet
transform of the stator current, whereas Bin and Sethom
(2008) used the DWT and db as the mother wavelet to
detect the misfiring of the PWM inverter supplying the
induction motor.

APPLICATION OF WAVELET IN FAULT DETECTION
Stator short winding and stator open winding

To test the effectiveness of the wavelets, Daubechies
(db10) with 6 levels decomposition were used as a
sensitive tool to detect the fault in the induction motor.
Two faults were simulated in this paper; the first was the
stator open winding, and the second was the short
winding. Parallel resistance should be connected with
stator resistance to decrease the overall stator
resistance. Consequently, the final stator resistance will
be:

R, =0.1R (25)

short original
For short winding, the series of three resistances should
be connected with the stator resistance; as such, the

open winding resistance will be:

R . =10R

open original

(26)

DISCUSSION

The wavelet was able to analyze and detect the faults
subjected to the induction motor. The decomposition at
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Decomposition atlevel 6 -s=af +df +d5 +dd + d3 +d2 + d1 .
T T T L T L L T T L (R (O
U ' |/ ]
o "'|"'I I"| i\ | |”|lln|I i\ II"I I'r' it h Ir"I iy
AT AN AR AN AN AN A NN
R ATRYRTATRYATRIRTATRTATRIRIS
W 'I IIJI I.lI Il.' Iul I' J W 'I I! / I.II I' [ i
T T —3
I I .
2F T T T T T T T =
dg D~4|'l||+-r|1--u}i1-l Hhowe ' ]
_2 . I 1 I I 1 I I 1
1 C T T T T T T T ]
d, o '..|'.i e I ;
-1 — L I L L 1 I L 1
1 T T T T T T T
(:i3 D—l--|-}---|----1,---- | -
-1 o [ | [ [ 1 I [
421 T T T T T T T
L | i
d?_ _g —HH il .
_.4 o I 1 I I 1 L I =
2' T T T T T T T J
d1 _g - %
r I 1 I I 1 I I
1 2 3 4 5 5 T 8

Figure 10. Decomposition at level 6 of the open

level 6 is presented to ensure the best detection of both
faults as it can be shown in Figures 9, 10, and 11 for

winding.

healthy, opening, short winding, respectively. The current
in the healthy case is exactly 1.7a, but with small
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Figure 11. Decomposition at level 6 of the stator short winding.

Table 9. Threshold of wavelet levels in the healthy.

Table 10. Threshold of wavelet levels in open winding fault.

Decomposition level Threshold
Level 6 0.22
Level 5 0.22
Level 4 0.22
Level 3 0.22
Level 2 0.22
Level 1 0.22

Decomposition level Threshold
Level 6 1.954
Level 5 1.954
Level 4 1.954
Level 3 1.201
Level 2 0.759
Level 1 0.756

overshot in the transient region, while the amplitude of
the stator current in the stator open winding is 0.75 a at a
steady state and between -2a and +2a at an oscillation
state. According to the approximations and details
coefficients of the wavelet, the effectiveness of the
wavelet to detect the fault in the stator winding is strong.
Tables 9, 10 and 11 show the global threshold at the
different levels for the same figures.

CONCLUSION

This review is carried out on two important issues. First,
is the fault tolerant control and second, is the wavelet in
the induction motors fault diagnosis. There are many
conclusions that can be drawn from this review:

Table 11. Global threshold of wavelet levels in short winding fault.

Decomposition level Threshold
Level 6 0.148
Level 5 0.148
Level 4 0.148
Level 3 0.148
Level 2 0.148
Level 1 0.096

1.

The fault tolerant control is very important in the

healthy systems, but not in the faulty system.
2. Fault diagnosis is the first step of fault tolerant control.
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3. The knowledge about the induction motor frequency
characteristics is very important in either the faulty or
healthy case.

4. The wavelet is considered as a powerful tool in the
fault detection and diagnosis of induction motors.

5. The improvement of fault detection and diagnosis can
be exploited by the wavelet properties to get high
detection and diagnostics effectiveness.

6. Theories of wavelet need to be pushed forward to
ensure the best choice of mother wavelet.

7. The wavelet transform can be used to detect and
identify the inverter faults.

8. The wavelet can distinguish correctly the faults and
thermal effects that make the parameters such as
resistance and inductance vary.

Conclusively, the wavelet can be used with any technique
of the machine drive and control.
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