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1. Introduction
An induction motor is a singly excited machine. The power is supplied to the stator winding

only. The voltage (and current) is induced in the rotor of this machine and that’s why this
machine is named as induction motor. The rotor is not connected to any external supply.
Induction motor works on alternating current (AC) supplied directly to the stator winding and by
induction or transformer action to the rotor winding. In fact an induction motor can be
considered as a sort of rotating transformer, in which stationary winding on stator is connected to
the AC source, while the other winding is mounted on a rotor receives its power by transformer
action while it rotates. Motor of this type are designed to operate either on single phase or on
three phase AC supply and accordingly called single phase induction motor and three phase
induction motor [HUS 04, BIM 11].

For domestic applications single phase induction motors are used, where as for industrial purpose
three phase induction motors are preferred. In industries almost 95% of the motors are three

phase induction motors due to certain advantages over other types of motors such as [AND 99,

COL 05, ADE 06, COL 07, XIA 10]:

1.  Three phase induction motors are very simple, compact and extremely rugged in

construction.

2. Absence of brushes reduces frictional losses and reasonable good power factor makes it

very efficient machine.
3. Three phase induction motors are most reliable and low cost motors.

4. Induction motors don’t require any extra motor at the time of starting, as required in case

of plain synchronous motor.
5. Induction motors have almost no maintenance cost.
In spite of these advantages these motors are also suffer from the following drawbacks:

1. These motors run at low power factor at light load conditions and hence the efficiency is

also low at this load.

2. The starting torque of these motors is also less compared to d.c. shunt motor.



3. These motors run at almost constant speed, hence the speed control cannot be possible

without sacrificing the efficiency.

2. Constructional Details
There are two types of Induction motor based on the construction of the rotor.

1. Squirrel cage type Induction motor or Cage rotor type Induction motor.
2. Slip ring Induction motor or Wound rotor type Induction motor

The main parts of the induction motors are (i) Frame (ii) stator (iii) rotor.

(i) Frame: Depending upon the application to which they are used for, the various types of
frames are used. The main function of the frame is to support the bearing and to protect the other
machine parts such as coil ends and the core. Generally in the small induction motors frames are
made up of cast iron to reduce its cost. The different types of the frames normally used are (a)
Open type (b) Totally enclosed type (c ) Drip proof types (d) Enclosed, self ventilating (cooing
type) (e) Enclosed, separately ventilated type (f) totally enclosed fan cooled type (g) Splash
proof type. In case of large induction motors the frames are made up of laminated sheets to
reduce losses.

(ii) Stator: It is the stationary part of the motor. It is like hollow cylinder which is made up of
slotted laminations of sheet steel punching as shown in fig.1. The lamination thickness is
normally between 0.1 to 0.3 mm. The laminations are insulated by coating of an insulating
varnish or an oxide coating. Thicker laminations can be used for the small motors as loss is not
important and cost is important for a small motor. Ventilating ducts are used of an interval of 5
to 7 cm along the length of the core. The windings are insulated from the core and the three
phase windings are placed in slotted stator core. When three phase supply is given to the stator
winding, one rotating magnetic field is produced. The stator is having definite number of poles.
The speed of the rotating magnetic field is called synchronous speed, denoted by Ny Now N is

inversely proportional to the pole.

Ne= %Of Where P=Number of stator pole and f =supply frequency in Hz.

The conductor may be either round conductor or rectangular bar type depending upon the rating
of the motor. Stator conductors are fixed in position with the help of fiber wedge as shown in

Fig.1



Fig.1: The Stator of an Induction motor
(iii) Rotor: The rotating parts of the motor is called rotor. There are two types of rotors, and the

motor is classified according to the construction of the rotor, into two types as (a) Squirrel cage
motor and (b) Slip ring motor.

(a) Squirrel cage rotor or Cage rotor: It consist of a cylindrical laminated core with slots
nearly parallel to the shaft axis, or slightly skewed. Each slot contains an uninsulated bar
conductor made up of either aluminum or copper. At each end of the rotor, the rotor bar
conductors are short circuited by heavy end rings of the same material as shown in Fig.2. This
type of the frame was commonly once used for keeping squirrels, hence it’s name. In industrial
application about 90% of the induction motors are the cage type motor. The rotor bars are
slightly skewed due to the following advantages [VIC 10]:

1. More uniform torque and less noise and

2. To reduce the magnetic locking tendency of the rotor.

Fig.2: Squirrel Cage rotor of an Induction motor



(b) Wound rotor or slip ring rotor: Slip ring rotor is also called as wound rotor. The rotor
consists of three phase double layer distributed windings whose one end of each winding is short
circuited permanantly with an end ring forming a star connection. The other end is connected to
the slip rings as shown in Fig. 3. Insulated slip rings are placed on the shaft, this construction
helps in adding external resistance to the rotor circuit. The winding of the rotor is similar to the
stator winding and is placed in the slots of the rotor. The purpose of the slip ring and brushes is
to provide a means for connecting external resistors in the rotor circuit. The external variable
resistance serve two purposes [MOG 99]:
(i) To increase the starting torque and decrease the starting current.

(i1) To control the speed of the motor.

Fig.3: Construction of Slip ring rotor

3. Working Principle
When three phase supply is given to the stator winding, the rotating magmetic field of constant

magnitude and of synchronous speed is produced. When this rotating field is cut by the
stationary rotor conductor, according to the Faraday’s law of electromagnetic induction, an emf
is induced in the rotor conductors. Since all the rotor conductors together form a closed circuit
the induced emf in the rotor conductor sets up rotot current. Thus, being in the magnetic field
produced by the stator windings, each current carrying conductors of the rotor experiences a
mechanical force which ultimately results into rotating of the rotor. But the rotor speed always

will be slightly less than the synchronous speed (N;). The difference of the rotor speed to the



synchronous speed is called slip, indicared by s and always calculated in percentage [GOM 02,

BAY 07].

(Ns—N)
Ns

% Slip (s)= x100

Induction motors are universally used in different types of industries. This type of motor are
robust in construction used not only for general purposes, but also in hazardous locations and
severe envionrment. It is generally applied for pumps, conveyors, machine tools, centrifugal
machine, press elevators and packing equipment. It is also applied for hazardous location like
petrochemical and natural gas plants, while severe enviornment applications for induction motors
include grain elevator. shredders, and equipment for coal plants. Moreover induction motors are
highly reliable, require less maintenance and relatively highly efficient. Wide range of induction
motor starting from watts to mega watts, satisfies the production needs of most industrial
processes. A motor failure that is not identified in the initial stage may become catastrophic and
the induction motor may suffer severe damages.Thus undetected motor fault may cascade into
motor failure, which inturn may cause production shutdown. Such shutdown are costly in terms
of lost production time, maintenance costs and obviously wasted raw material. To reduce these
losses, it’s necessery to identify the fault at very earlier stage and prevent the motor from the

large fault and failure [KPH 92, ADE 06, SUD 07].
4.Common Faults in Induction Motor

4.1 Introduction

Although Induction motors are highly reliable industrial drive, these motors are often exposed to
hostile environments during operation which leads to early deterioration leading to the motor
failure [LUK 98, CHI 99a]. Faults and failures of induction machines can lead to excessive
downtimes and generate large losses in terms of maintenance and lost revenues. Even small fault
can causes increased losses such as reducing efficiency and increasing temperature, which will
reduce insulation lifetime, and increasing vibration, in turn may reduce bearing life time [SCH
71, ROL 78, MAI 92, THO 99, CRA 11]. All they are due to the operating environment
condition and machine internal factors. The different type faults which are commonly occurred

in the induction motor are shown in Fig. 4. The proper study and knowledge of motor faults are



very essential, then only we can go for the condition monitoring of motor and proper diagnosis
of the problem which prevent the expensive maintenance cost. A statistical study in 1985 was
conducted by Electric power research institute provides (EPRI) and found as bearing faults
(41%), stator faults (37%), rotor faults (10%) and others (12%). According to IEEE standard
493-1997, the most common faults and their statistical occurrence are tabulated in Table -1. This
IEEE statistics about induction motor faults are almost matched with EPRI data [ADE 06, AKA
12, PEZ 12].
Table — 1 Statistics of Induction motors faults and Failures [AKA 12]

IEEE-IAS (%) IEEE-IAS (%) EPRI (%)
Electrical Safety Electrical Safety Electric Power
Workshop Workshop Research Institute
Number of faulty 380 304 1052
motor
Bearing-related 44 50 41
Winding-related 26 25 36
Rotor-related 8 9 9
Other 22 26 14

‘ Induction Motor Faults ‘
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[ Mechanical Faults ]
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Fig.4: Types of faults in Induction Motor
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4.2 Winding Faults

According to published surveys, Induction motor short turn (stator winding) failure is in the
range of 30-40% of the total failure [DAS 08]. Moreover it is generally believed that a large
portion of the stator winding related failures are initiated by insulation failures in several turns of
the stator coil within one phase[EMA 03,CEL 04,GOL 04, CHA 08]. This type of the fault is
known as ‘stator inter turn fault’. Inter-turn short circuits in stator windings constitute a category
of faults that is most common in induction motors. Typically, short circuits in stator windings
occur between turns of one phase, or between turns of two phases, or between turns of all phases.
Moreover, short circuits between winding conductors and the stator core also occur known as
winding to ground fault [WIL 85, GRI 86, MCC 93, RAN 95, PAN 00, ROD 08, GNA 08].
There may be different types of short turn faults and at different combinations as mentioned
below [PEN 94, KLI 96, SID 05, JAN 07, JAN 09]:

1. Burning of the winding insulation and consequent complete winding short circuits of all
phase windings which are usually caused by motor overloads and blocked rotor, as well as
stator energized by sub-rated voltage and over rated voltage power supplies. This type of
fault can be caused by frequent starts and rotation reversals [VIC 11a].

2. Inter-turn short circuits between turns of the same phase, winding short circuits, short
circuits between winding and stator core, short circuits on the connections, and short
circuits between phases, are usually caused by stator voltage transients and abrasion [SCH
56, MIR 06].

3. Complete short circuits of one or more phases can occur because of phase loss, which is
caused by an open fuse, contactor or breaker failure, connection failure, or power supply
failure [LUK 98].

4. Inter-turn short circuits are also due to voltage transients that can be caused by the
successive reflection resulting from cable connection between motors and ac drives. Such
ac drives produce extra voltage stress on the stator windings due to the inherent pulse width
modulation of the voltage applied to the stator windings. Again, long cable connections
between a motor and an ac drive can induce motor over voltages. This effect is caused by
successive reflections of transient voltage [THO 84].

5. Short circuits in one phase are usually due to an unbalanced stator voltage, an unbalanced

voltage is caused by an unbalanced load in the power line, bad connection of the motor
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terminals, or bad connections in the power circuit. Moreover, an unbalanced voltage means
that at least one of the three stator voltages is under or over the value of the other phase

voltages [AKP 96, DEV 98, HOD 02, JAN 09, SAR 12].

Open Circuit

Turmn-to-Tum

Coll-to-Coil

Line-to-Line

//\
Line-to-ground

Fig.5: Different types of short turn faults

4.3 Rotor Fault

Squirrel cage of an induction motor consists of rotor bars and end rings. Usually lower rating
machines are manufactured by die casting techniques where as high ratings machines are
manufactured with copper rotor bar. Broken Rotor Bar/End-ring failures of medium size Motors
Rotor cage fault (broken rotor bar/end-ring) accounts for approximately 5-10% of all induction
motor failures [SMI 75, SHU 78, PAT 86, TES 01, MAR 06, FAI 06, FAI 10]. For any medium
size motors, the rotor cage fault is even more common than that of small motors, due to the
extensive thermal stresses on the rotor. There may be different reasons for the rotor faults as
below [STA 10, MEH 11, KRE 12, DAS 13, YON 13]:

1. During the starting of machine, a rotor bar may be unable to move longitudinally in the

slot it occupies, when thermal stresses are imposed upon it.

2. Heavy end ring can produce a large centrifugal force, which can cause dangerous stresses on the

bar [MIR 05].



3. During the brazing process in manufacture, non uniform metallurgical stresses may be built in to
cage assembly and these can also lead to failure during operation.
There may be two types of breakage in the cage as shortly described below [BRE 94, PIR 09,
ARA 10, MEH 11, PEZ 12]:
(a) Breakage of skewed bars: The rotor bars can be partially or completely cracked during the
operation of SCIM, due to stresses and/or improper rotor geometry design. The bar breakage is
the major fault in the rotor of SCIM. Once a bar breaks, the condition of the neighboring bars
also deteriorates progressively due to the increased stresses. To prevent such a cumulative
destructive process, the problem should be detected early, that is, when the bars are beginning to
crack [KLI 88, HAJ 01, HUA 06, KUR 10, DRO 12, KEC 13].
(b) Breakage of end-rings: The conductive rotor bars are short-circuited on the both sides by
end-rings. Defective casting in the case of die-cast aluminum rotors, and/or poor end-ring joints
in the case of fabricated rotor cages during manufacturing are the source of the end-ring faults.
Once the initial defect occurs, localized overheating may develop in the cage. Therefore,
propagation of the fault is continued by multiple start-ups as well as load fluctuations, which
produce high centrifugal forces. Accordingly, the broken end-ring faults are extremely severe
and cause drastic increase in the speed and current fluctuation.
Early detection of a broken rotor bar minimizes motor damage and reduces repair costs.
In some cases, the broken bar condition starts with a fracture at the junction between the
rotor bar and the end ring as a result of thermal and mechanical stresses. These stresses
are more significant when starting motors with high-inertia loads. The bending of a fractured bar
due to changes in temperature causes the bar to break. When one bar breaks, the
adjacent bars carry currents greater than their design values, causing more damage if the
broken bar condition is not promptly detected. Inter bar currents that appear because of
the broken bar affect the evolution of the fault in the rotor, causing damage in the

laminations of the rotor core [TRZ 00, DAS 08, KIA 09, SOU 09, FIR 12,].



4.4 Load Fault

In some particular application such as aircrafts, the reliability of gears and load faults may be
critical in safeguarding human lives. Due to that the detection of load faults (especially related to
gear) has been an important factor of research. Motors are often coupled to mechanical loads and
gears. Several faults are also can occur in mechanical arrangement. Examples of such faults are
coupling misalignments and faulty gear systems that couple a load to the motor [SCH 71, BRI
82, BAI 88, FAI 07, MIT 10, FAI 10].

Induction motor has broad application in a variety of industrial control and electric drive system.
In the use of on-site motors for various reasons, often lead the overload failure occurred. Motor
overload will tends to the motor overheated, cause the motor burning, and make significant
damage to the national economy. Normally one over load protection technology is used to
prevent this [ELS 89, BON 98, DEV 99, TOU 01, RAN 11, VIC 11, VIC 11a]. Because of the
motor itself has certain overload capacity and motor overload protection doesn’t have precise
mathematical model. The motor overload protection has been the academic and engineering
research hot spot. Winding overheated or the insulating ability reduced is the result of overload
fault. But the winding over-hot is the effect when the current flowing through the winding is too
large. Therefore, at present the main motor overload protections means other way current
detection and temperature detection. A motor can run over-loaded for a short time, provided its
temperature limit is not reached. Direct monitoring of the temperature of the motor can provide
thermal protection, but it also has its own inherent drawback [REG 78, CUM 85, PAO 89, SCH
94, GOU 10].

4.5 Air gap eccentricity

Air gap eccentricity is a common rotor fault of induction motor. Air gap eccentricity is
the situation when the air gap between the stator and rotor is unequal. Severe air gap eccentricity
may lead to unbalanced magnetic pull and eventually result in the rotor to stator friction which
make the machine vibrating and produced noise. This can be responsible for the damage of the
stator and rotor core. There are three types of air gap eccentricity (i) Static eccentricity (i1)
Dynamic eccentricity and (ii1) Mixed eccentricity [THO 84, THO 99a, ZHE 04, FAI 06, NAN
11].
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In static eccentricity, the rotor rotates around its natural axis which is inclined compare to the
stator one. Static eccentricity is a steady pull in one direction which create unbalanced magnetic
pull (UMP). UMP caused by static eccentricity may lead to bend rotor shaft, bearing failures,
dynamic eccentricity and eventually stator to rotor rub, causing a major breakdown of the motor.
It is difficult to detect this fault unless special equipment is used. Intrinsic static eccentricity even
exists for newly manufactured motors [BEN 99, PIN 09].

In dynamic axial eccentricity, the rotor natural axis inclined compare to its rotational axis, which
is superimposed to the stator axis. Dynamic eccentricity produces an unbalanced magnetic pull
that rotates at the rotational speed of the motor and acts directly on the rotor. This makes the
unbalanced natural pull in a dynamic eccentricity easier to detect by vibration or current
monitoring[HSU 92, THO 99a, NAN O5].

The combination of static and dynamic eccentricity is called mixed eccentricity.

In fact, static and dynamic eccentricities tend to coexist. Exact centric condition hardly exists in

machine. Therefore, an inherent grade of eccentricity is implied for any real machine.

4.6 Bearing Fault

Over the past several decades, rolling-element (ball and roller) bearings have been utilized in
many electric machines while sleeve (fluid-film) bearings are installed in only the large
industrial machines. In the case of induction motors, rolling-element bearings are
overwhelmingly used to provide rotor support[FIN 95].The rolling-element bearing in an
induction motor is one of the most critical components because bearing related failures have
been accounted for 41% of all failures. Moreover, bearing fault in an induction motor may be
responsible later for winding failure. Hence, incipient detection of bearing fault is crucial for
prevention of drive failures [THO 97, THO 99, KON 11, TRA 08,TRA 09].

Bearing fault can be classified as: (1) single- point-defects and (i1) generalized roughness. Single-
point-defects are visible defects that appear on the raceways, rolling elements or cage. Examples
of this type of fault include spilling, brinelling, and electrical pitting. A single-point-defect
typically produces characteristic fault frequencies in the machine vibration. It is certainly
possible for a defected bearing to posses many single-point-defects. The other group of bearing
faults, generalized roughness, refers to an unhealthy bearing with no visible defects. This failure

mode does produce the predictable fault frequencies that a single-point-defect produces;
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nevertheless, it typically alters the machine's current and/or vibration. Examples of this type
failure include deformation of the rolling elements, deformation or warping of the raceways, or
excessive heating caused by contamination of the lubricant. Natural bearing faults can be due for
example to corrosion, contamination, ineffective lubrication or electric arcing induced by the use
of PWM voltage source. Then, artificially damaged bearings are made to be realistic regarding to

such critical faults [SCH 95, THO 98, TRA 08a, SEN 10, SAA 11, MCE 11, JAE 12].

5. Condition Monitoring Technique for Induction Motor
5.1 Introduction

Condition monitoring can be explained as the continuous evaluation of the health of the
plant and instrument throughout its working duration. It is important to detect faults while they
are developing which is called incipient failure detection. Incipient failure detection can provide
safe operating environment. In many applications, these motors are operated under
environmental stresses, such as high ambient temperature, high moisture, etc, which could lead
to motor malfunction. Malfunction of these motors leads to not only high repair expense, but also
extraordinary financial loss due to unexpected downtime. Therefore, reliable monitoring and
protection for MV motors is of great value to avoid catastrophic unscheduled downtime [FAR
08, PIN 09, PIN 11, IND XX].By using the condition monitoring we can give the warning, well
in advance to correct the situation and avoid shutdown. This can result in minimum downtime
and optimum maintenance schedule. Condition monitoring and fault diagnostic technique can
help the operator to be ready with the spare parts before occurring the shutdown situation and
hence reduce outgoing time [LUK 98, HUN 11]. There may be different types of condition

monitoring technique as discussed below:

5.2 Monitoring Techniques

5.2.1 Thermal Monitoring

Thermal monitoring of induction motor can be performed either by measuring the local or bulk
temperatures of the motor or by parameter estimation. A stator winding faults produce huge heat

and the amount of heat indicate the severity of the fault until it reaches at a dangerous level [HEI

58, SMI 75, DEC 95, ALB 02, MAX 04, PIN 08, PIN 09].
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Stator thermal overload has drawn a lot of attention in the past several decades, as it is one of the
root causes for the stator insulation failure. Different types of relays have been developed to
provide thermal protection and overload protection for induction motors. Embedded thermal
sensors are broadly used for MV large motors, to monitor the temperature of the stator winding
to avoid thermal overload [POT 33, SAN 02, BAY 08, LEB 08a]. However, the thermal sensors
are highly undesirable in some applications. Thermal protection for the rotors of these motors are
necessary for reducing bearing and rotor cage failures. Therefore, the development of sensorless
thermal protection methods for both the stator and the rotor of MV motors are highly desirable
[EID 70, BOO 74, SID 05, FAR 07, PIN 09].Therefore some researchers have developed the
thermal model of the induction motor [HUR 96, BEG 99, GNA 08, YID 08].
Generally thermal model of induction motor are classified in two categories as discussed below:
[VEN 05, YID 09]

1. Finite element analysis based model

2. Lumped parameter thermal models
Based on the thermal models, both finite element analysis methods and lumped parameter
analysis methods have been developed by researchers. Finite element analysis methods are not
appropriate for online temperature estimation as they are computationally intensive. Lumped
parameter analysis methods divide the motor into several homogenous components and use
lumped thermal resistors and capacitors to model the heat transfer. By using general electric
circuit analysis methods, the temperature of each component can easily be solved [GRI 86, FIL
94, DIS 98, WHA 08, BUL 11].
Thermal model-based approaches calculate the motor losses and apply thermal models to
estimate the motor temperature. The first-order, the second-order and higher-order models have
been proposed by the researchers [YID 08, YID 09, HUN 12].
(a) First-order Thermal Models: In many relays, the first order thermal models are utilized for
thermal protection. These models can consider only the stator winding temperature and are
generally too conservative, thereby tripping off the motor before the maximum temperature is
reached.
(b) Second-order Thermal Models: These models are proposed for modeling the stator and the
rotor temperature separately with better accuracy. The losses and the thermal capacitance are

divided into the stator part and the rotor part [YID 08].
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(C) Higher-order Thermal Models: For the better predictions of the thermal behaviors, several
higher-order models are proposed in the literature [YID O08]. In this category stator end
windings, stator core, end cap air, rotor winding and rotor iron are modeled separately. The
thermal resistances and capacitances are calculated from the off line experiments or the motor

dimensions [YID 08].

5.2.2 Vibration Monitoring
Each electrical machine has its own vibration signature and analysis of vibration can be used to

monitor the condition of motor performance. Vibration of the machine has certain relation with
its noise. Even small amplitude of vibration can produce a huge noise for the machine. Noise and
vibration in the electric machines are caused by the forces which are magnetic, mechanical and
aerodynamic origin. The vital reason of vibration in the electrical machine is radial force due to
air gap field [THO 84, THO 99a, HAN 12, THO 05].

Practical condition monitoring techniques for three-phase induction motors are generally
performed by some combination of mechanical and electrical monitoring. In the mechanical
monitoring, vibration based condition monitoring has attracted the attention of many researchers
working in the area of induction machines and has gained industrial acceptance, as vibration
analysis techniques are more effective in assessing a machine’s health [HUA 07].

Vibration monitoring is the most reliable method of assessing the overall health of a rotor
system. Newly made electrical machines also generate some level of vibration. Vibration
monitoring is based on vibration transducers, virtual measuring accelerometers of piezo-resistive
types with linear frequency spectrum, normally placed on the bearings for detecting mechanical
faults. However, by placing probes on the stator as well, it is also possible to detect, stator
winding or rotor faults, an uneven air gap, unbalances in the driven load and asymmetrical power
supply. This is based on the fact that vibration spectrum will change if there is any change in the
normal flux distribution in the motor. This is very effectiveness method for analyzing the
mechanical faults [SID 05, THO 05, MAR 05, MCE 11]. Vibration signals can be analyzed in
either time domain or frequency domain. Frequency domain analysis can provide more detailed
information concerning the status of the machine [THO 97, HAN 05]. The difficulty in electrical
fault detection is the problem of sorting through the enormous frequencies present in vibration
spectra to extract useful information associated with the electrical faults. To overcome this

problem, researchers generate characteristic frequencies as model of motors to detect the faults.
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However, in this method a thorough understanding of the motor, like knowledge on the
frequency response functions are required, which makes it less attractive in practical
applications.[HAN 12] Vibration spectra also can provide little diagnostic information about the
health of motors. Thus, these old existing methods using vibration signals are not very effective,
or accurate for electrical fault detection of induction machine. The modern researchers have
developed artificial neural network (ANN) modeling in vibration spectra to analyze the motor
fault in a better way. The ANN can represent any nonlinear model without knowledge of its

actual structure and can give result in a shout time during the recall phase [HUA 07].

5.2.3 Torque Monitoring
All type of motor faults produces the side bands at special frequencies in the air gap torque.

Presently the commercially available methods for detecting rotor bar defects of induction motors
are based on various identifications of side bands of a line current. This study suggests a new
method for detecting not only the rotor defects but also the stator shorted coils. Air-gap torque is
the torque produced by the flux linkages and the currents of a rotating machine [ANA 82, THO
97, THO 99a, LAS 00, THO 02, KAR 08]. Air-gap torque can be measured while the motor is
running. No down time is required for its measurement. This can be financially attractive to
many industries, where an unscheduled down time of a motor posts a heavy loss in the operation
of a production system. Because the rotor, shaft and mechanical load of a rotating machine
constitute a specific spring system that has its own natural frequencies, the attenuations of the
torque components of the air-gap torque transmitted through the spring system are different for
different harmonic orders of torque components. From the input terminals, the instantaneous
power includes the charging and discharging of the energy in the windings. That’s why the
instantaneous power cannot represent the instantaneous torque. Generally speaking, the
waveform of the air-gap torque curve is different from that of the torque measured from the shaft

[ELK 92, HSU 92, HSU 95, WEN 99, KOA 00, HAJ 02, SID 05, BAS 08, JAE 12, DAS 13].

5.2.4 Noise Monitoring
Noise monitoring can be done by measuring and analyzing the acoustic noise spectrum from the

induction machines. Acoustic noise from air gap eccentricity is helpful to detect the faults of the
induction motor. However this method is not very much useful in large industry because of the
noisy atmosphere will disturb the original sound produced by the machine. As a result it’s very

difficult to get accurate reading [SID 05, NAN 05]. In paper [ELL 71] the researchers are
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described the method to calculate the air gap eccentricity by using noise signature. They have
conducted the test in an anechoic chamber and verified that the slot harmonics in the anechoic

noise spectra from a small power induction motor were functions of static eccentricity.

5.2.5 Electrical Monitoring
There are different types of electrical monitoring described by the researchers such as Current

Park’s vector[ONE 06,SAH 13], Zero sequence and negative sequence current monitoring, and
current signature analysis [THO 00,ELH 00,BEL 01] etc. In all these methods stator current is
used to detect various kinds of induction motor faults. In most of the cases generally stator
current is monitored to protect the motor form the destructive over current and ground current.
Therefore, current monitoring is a sensor less detection can be implemented for different type of
motor protection without any extra hardware. This current monitoring is more effective, more
efficient and moreover it is highly sensitive as compared to other monitoring methods.
Therefore, this electrical monitoring is more preferable for the modern researchers [CRU 99,
ZOM 00, HAB 02, RAM 04, PIR 09].

5.2.5.1 Current Signature Analysis

Large machine are often equipped with mechanical sensors, primarily vibration sensors based on
proximity probes. But they are very delicate and expensive. Moreover, in many situations,
vibration monitoring methods are utilized to detect the presence of incipient failure. However, it
has been suggested that stator current monitoring can provide the same indications without
requiring access to the motor. Therefore, the researchers are concentrated their research on the
so-called motor current signature analysis. This technique utilizes results of spectral analysis of
the stator current (precisely, the supply current) of an induction motor to spot an existing or
incipient failure of the motor or the drive system. Spectral analysis of the stator current allows to
obtain a characteristic spectral signature which can be easily distinguished from abnormal
operating condition and then identified as a potential failure mode. Some of the faults can be
analyzed by the above methods are broken bars in the rotor cage, rotor eccentricity, worn or
damaged bearings, shaft speed oscillation, and electrical-based faults (unbalanced voltage and
single-phasing effects). Experimental investigations, for high-resolution analysis, have been
carried out only for electrical-based faults detection and localization [WAL 92, BEN 99, THO
00, HAB 02, TRA 08, DRO 12, MED 13].
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The combination of current signature analysis to detect rotor related problems and partial
discharge monitoring to assess the health of high voltage stator windings can therefore provide a
very powerful monitoring strategy for induction motor drives [SWE 10].

In the papers [RAN 95, SCH 95, BEN 99, ELH 00, BEL 01] an intended overview is given on
the induction motors signature analysis as a medium for fault detection. In [RAM 04] described
the design and application of an on-line diagnostic system for squirrel cage induction motors
based on inductive acquisition and sideband analysis of phase current. Frequency and time
domain phase current study allows sideband analysis and its correlation to motor diagnosis.
Faults included are broken bar and eccentric gap to evaluate current phase modification
according to faults severity. In [CHA 93,HAB 02] a complete summary of techniques for
monitoring and protecting each major component of a low voltage, line connected induction

motor is given.

5.2.5.2 Current Park’s Vector
Another important electrical monitoring technique is Current Park’s vector technique. The basic

concept of Current Park’s vector technique is the connection to stator windings of a three phase
induction motor generally does not use a neutral [HAR 88, ZHE 04]. The stator current has no
zero sequence component for star connected induction motor. Current park’s vector is the two
dimensional representation of three phase current. This current park’s vector is regarded as the
description of motor condition. Under ideal condition balanced three phase currents lead to a
park’s vector that is a circular pattern centered at the origin of coordinates. Therefore the motor
condition can be monitored and presence of the fault can be detected by monitoring the deviation
of Current Park’s vector [ONE 06, ABI 13, SAH 13].

In [NEJ 99, NEJ 00] various applications of artificial neural networks (ANNs) presented in the
literature prove that such technique is well suited to cope with online fault diagnosis in induction
motors. The proposed methodology is based on the so-called Park's vector approach. In fact,
stator current Park's vector patterns are first trained, using artificial neural network’s (ANN), and
then used to discern between “healthy” and “faulty” induction motors. The obtained results
provide a satisfactory level of accuracy, indicating a promising industrial application of the
hybrid Park's vector-neural networks approach. In the paper [CAR 97, CAR 99, CAR99a] the
subject of on-line detection and location of inter-turn short circuits in the stator windings of

three-phase induction motors is discussed, and a noninvasive approach, based on the computer-
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aided monitoring of the stator current Park's vector, is introduced. The researchers are also
shown the experimental results, obtained by using a special fault producing test rig and hence
effectiveness of the proposed technique is proved. In [CRU 99, MIR 04] on-line detection of
rotor cage faults in three-phase induction motors is discussed, and a noninvasive approach, based
on computer-aided monitoring of the stator current Park's vector, is introduced. Both simulation
and laboratory test results are shown to prove the effectiveness of the proposed technique, for

detecting broken rotor bars or end-rings in operating three-phase induction machines.
6. Diagnostic Techniques for Induction Motor Faults

6.1 Model based techniques

Model based diagnosis defines an asymmetrical induction motor whose model is used to predict
failure fault signatures. The difference between measured and simulated signatures is used as a
fault detector [HUR 96, VEN 05, PED 07, ADH 09]. In the paper [ZHI 05,BAG 07] a low order
differential model is proposed and through which mathematical analysis is introduced for
induction machine for faulty stator. An adaptive Kalman filter is proposed for recursively
estimating the states and parameters of continuous-time model with discrete measurements for
fault detection ends [OHY 06]. Typical motor faults as inter-turn short circuit and increased
winding resistance are taken into account. In the paper [WAL 92,YON 13] authors propose a
new frequency analysis of stator current to estimate fault-sensitive frequencies and their
amplitudes for broken rotor bars (BRBs). The proposed method employs a frequency estimator,
an amplitude estimator, and a fault decision module. Feng Lu, Hai-Lian Du [FEN 04] explained
rotor fault detection system based on multi-sensor data fusion estimation of induction motor
model, which makes use of strong tracking ability to the abrupt state [ROG 95, SHE 04]. Due to
the soft computing era there is a trend to make the mathematical modeling of the machine and
through the parameter estimation technique the different faults are diagnosed. This parameter
estimation is a novel technique which helps us not only to diagnose the fault, but also provides
accurate and fast detection [KEY 95,FAI 95, SHA 97, XIA 03, ALJ 03, TAN 05, GHO 09, WIE
10]. Model based technique has been implemented in two ways (a) parameter/state estimation
method and (b) residual generation method [ZOC 85, SHA 99,LEB 08, BOG 11a, MON 13,
CON 13, YON 13].
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6.2 Signal Processing Techniques

Signal based diagnosis relies on advances in digital technology. It looks for known fault
signatures in quantities sampled from the actual machine [KAI 09]. The signatures are then
monitored by suitable signal processors. Signal processing can be used to enhance signal to noise
ratio (SNR) and to normalize data in order to isolate the fault from other phenomena and
decrease sensitivity to operating conditions. Data based diagnosis does not require any
knowledge of machine parameters and model. It relies only on signal processing and on
clustering techniques. Signal processing techniques can be further divided into different
subclasses. The subclasses are shown here and discussed individually [BEN 99, DRI 02, ROD
08a, SEU 11, KUM 11, ELH 12, KEC 13]
(1)Spectrum through Frequency Domain Method

(a) Fast Fourier Transform (FFT)
(i1) Spectrum Through Time Frequency Domain method

(a) Short Time Fourier Transform (STFT)

(b) Gabor Transform (GT)

(c) Winger-Ville Distribution (WVD)

(111) Wavelet Transform

6.2.1 Fast Fourier Transform (FFT)
Although Discrete Fourier Transform (DFT) is the most straight mathematical procedure for

determining frequency content of a time domain sequence, but it is terribly inefficient. As the
number of points in the DFT is creased to hundreds or thousands, the amount of necessary
number crunching becomes excessively large. Hence, modified algorithm is proposed and it is
known as the Fast Fourier Transform (FFT) [VEN 01, LIU 10, BOQ 13]. A lot of intensive
research has been done on the motor current signature analysis. This technique utilizes the
results of spectral analysis of the stator current. Reliable interpretation of the spectra is difficult,
since distortions of the current waveform caused by the abnormalities in the drive system are
usually minute [BOQ 12]. Benbouzid M. E. H. [BEN 99a] used the frequency
signature of asymmetrical motor faults are well identified using the fast Fourier transform (FFT),
leading to a better interpretation of the motor current spectra. It is shown that the motor current
signature ~ FFT-based  analysis is  still  reliable tool for  induction motor

asymmetrical faults detection. In the paper [BEL 08] statistical time-domain techniques are used
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to track grid frequency and machine slip. Here either a lower computational cost or a higher
accuracy than traditional discrete Fourier transform techniques can be obtained. Then, the
knowledge of both grid frequency and machine slip is used to tune the parameters of the
zoom fast Fourier transform algorithm that either increases the frequency resolution and/or
reducing the computational cost. The proposed technique is validated for rotor faults. Traditional
analysis methods, based on the fast Fourier transform (FFT), have some limitations, such
as diagnosis under low load conditions, due to the spectral leakage effect, or the need of using

long time samples for achieving sufficient resolution in the frequency domain. [BEN 99a].

6.2.3 Short Time Fourier Transform (STFT)

In the paper [ARA 07], an experimental study for detecting of rotor faults in three-phase squirrel
cage induction motors has been done by short time Fourier transform (STFT). The frequency
spectrum of motor line current is exploited for the detection. By obtaining a number of frequency
spectrums from a current data with STFT and averaging these
spectrums, faults are diagnosed instead of fast Fourier Transform frequently applied at the

detection of broken rotor faults in the literature.

6.2.4 Gabor Transform (GT)
Gabor transform (GT) is a liner time-frequency analysis method that computes a liner time

frequency representation of time domain signal. Gabor spectrogram has the better time frequency
resolution than that of STFT spectrogram method. Gabor spectrogram can be used for fault
diagnosis of induction motor. Time-frequency analysis of the transient current
in induction motors (IMs) is the basis of the transient motor current signature
analysis diagnosis method. IM faults can be accurately identified by detecting the characteristic
pattern that each type of fault produces in the time-frequency plane during a speed transient. A
fine tuning of their parameters is needed in order to obtain a high-resolution image of the fault in
the time-frequency domain, and they also require a much higher processing effort than
traditional diagnosis techniques. The new method proposed in the paper [RIE 12] addresses both
problems using the Gabor analysis of the current via the chirp z-transform, which can be easily
adapted to generate high-resolution time-frequency stamps of different types of faults. Here, it is
used to diagnose broken bars and mixed eccentricity faults of an IM using the current during a

startup transient.
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6.2.5 Winger-Ville Distribution (WVD)

Refaat etal. [REF 13] developed a novel, non-intrusive approach for fault-detection and diagnosis
scheme of bearing faults for three-phase induction motor using stator current signals with
particular interest in identifying the outer-race defect at an early stage. The empirical mode
decomposition (EMD) technique is proposed for analysis of non-stationary stator current signals.
The stator current signal is decomposed in intrinsic mode function (IMF) using empirical mode
decomposition. The extracted IMFs apply on the Wigner-Ville Distribution (WVD) to have the
contour pattern of WVD. Then, artificial neural network is used for pattern recognition that can
effectively detect outer-race defects of bearing. The experimental results show that stator
current-based monitoring with WVD based on EMD yields a high degree of accuracy in fault

detection and diagnosis of outer-race defects at different load conditions [WEI 06, NIN 11].

6.3 Soft computing Techniques

Soft Computing Techniques (Artificial Neural Networks, Fuzzy Logic Models, Adaptive Neuro
Fuzzy inference system) have been recognized as attractive alternatives to the standard, well
established “hard computing” paradigms. Traditional hard computing methods are often too
cumbersome for diagnosing the different faults in induction motor. They always require a
precisely stated analytical model and often a lot of computational time. Soft computing
techniques, which emphasize gains in understanding system behavior in exchange for
unnecessary precision, have proved to be important practical tools for detecting and diagnosing
the faults in induction motor [MOY 91, GOO 95, CHI 99, TIE 02, SID 03, JAN 04, KIL 07,
YUL 09, MAH 10, BOG 11]. Different types of soft computing methods found in the literature

are discussed below.

6.3.1 Artificial Neural Network Technique
A neural network can substitute in a more effective way the faulted machine models used to

formalize the knowledge base of the diagnostic system with suitably chosen inputs and outputs
[TAL 00, SID 04, MOO 12a]. Training the neural network by data achieved through

experimental tests on healthy machines and through simulation in case of faulted machines, the
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diagnostic system can discern between "healthy" and "faulty" machines. This procedure
substitutes the statement of a trigger threshold, needed in the diagnostic procedure based on the
machine models. Many research papers [MOY 91, FIL 93, RAJ 99, TSO 99, KOL 00, KOL 07
UDD 07, OZG 10, ARA 10,GAN 12, MOO 12, MOO 12a, BOU 13] presented in the past for
monitoring and fault identification of a three-phase induction motor using artificial neural
networks (ANNs). Three-phase currents and voltages from the induction motor are used in the
proposed approach. A feed forward multi-layered neural network structure is used. The network
is trained using the back propagation algorithm. The trained network is tested with simulated
fault current and voltage data. In the papers [RON 02, CRI 04, HUA 07, BAL 08, RAM 10, GHE
11, NUS 11, , DEV 11] a protection scheme based on Wavelet Multi Resolution Analysis and
Artificial Neural Networks are proposed which detects and classifies various faults like Single
phasing, Under voltage, Unbalanced supply, Stator Turn fault, Stator Line to Ground fault, Stator

Line to Line fault, Broken bars and Locked rotor of a three-phase induction motor.

6.3.2 Fuzzy Inference system
Fuzzy logic is a type of mathematics and programming that helps the making a model by using

learning and experience for representation of vague concepts in mathematical expressions.
Therefore, fuzzy systems are very useful in situations involving highly complex systems whose
behaviors are not well understood and in situations where an approximate, but fast, solution is
warranted. Fuzzy systems are robust because the system has been designed to control within
some frame of uncertain conditions. In many papers, fuzzy logic-based induction motor
protection systems was developed [LAS 00, BEN 01, ZID 03, TAN 05, UDD 07, UYA 13]. The
motor condition is described using linguistic variables. Fuzzy subsets and the corresponding
membership functions describe stator current amplitudes. A knowledge base comprising rule and
data base is built to support the fuzzy inference. The induction motor condition is diagnosed
using a compositional rule of fuzzy inference. In fact, fuzzy logic is reminiscent of human
thinking processes and natural language enabling decisions to be made based on vague
information. In the paper [AKA 12] presents the implementation of broken rotor bar fault
detection in an inverter-fed induction motor using motor current signal analysis (MCSA) and
prognosis with fuzzy logic. In the paper [LAS 00a, ROD 08] describes the application of fuzzy

logic based artificial intelligence procedures to the development of a novel method for the

22



condition monitoring and fault diagnosis of induction motors. The finite element method (FEM)
is utilized to generate virtual data that support the construction of the membership functions and
give the possibility to online test the proposed system. The layout has been implemented in
MATLAB/SIMULINK [MAM 04, ROD 08a]; with both data from a FEM motor simulation
program and real measurements. The proposed method is simple and has the ability to work with

variable speed drives [VAR 99, CHE 01].

6.3.3 Adaptive Neuro Fuzzy Inference System (ANFIS)
ANFIS uses fuzzy Sugeno model as fuzzy inference system incorporated with ANNSs training. It

maps inputs through input membership function, rules, normalization and output membership
function to output membership functions. Jang and Sun introduced the adaptive neuro-fuzzy
inference system (ANFIS) in 1995. This system is called as hybrid system because it uses two
different training rules to reduce the error. For ANFIS system, it uses a gradient descent
algorithm training paradigm and a least square algorithm to tune the parameter of the
membership function [UDD 07, MAH 10]. Fuzzy logic systems lack ability of self learning and
fuzzy membership functions and fuzzy rules cannot be guaranteed to be optimal. Fusion of
neural network and fuzzy logic like Adaptive network based fuzzy inference system and fuzzy
adaptive learning control/decision network partly overcome the problem with reducing
convergence time. Genetic Algorithm can also be used to optimize the parameter and structure of
neural network and fuzzy logic systems. In the paper [GOO 95] an overview of complete current
based noninvasive monitoring and protecting techniques for stator rotor, bearing and thermal
overload related failure is presented. In the paper [JAN 04, TAN 05] investigates the fault
diagnosis for open-switch Damages in a voltage fed PWM motor drive system. Researchers
proposed a robust diagnosis method based on the Neuro-Fuzzy algorithm. For this, the
Clustering Adaptive Neuro Fuzzy Inference System(C-ANFIS) has been adopted to recognize
the various and vague fault patterns [UDD 07].
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6.4 Wavelet Transform Analysis

The wavelet transform method can nicely be utilized for online fault detection. This method has
good sensitivity and short detection time. In this method the entire signal can be reconstructed
from the sets of local signals by varying scale and amplitude, but constant shape. [SAR 08, GAE
11]. In the paper [SZA 05] motor current signature analysis (MCSA) is used an often cited. In
this method it uses the results of spectral analysis of the stator currents. Generally the FFT (Fast
Fourier transform) is used to obtain the power density vs. frequency plots to be analyzed. Here
the use of a novel versatile tool of harmonic analysis, of the wavelet transform is utilized [MAM
04, KIA 09, HEW 12]. The proposed wavelet based detection method shows a good sensitivity
and reliability. In order to overcome the problems of the FFT based technique, the Short Time
Fourier Transform (STFT) Method was proposed. The STFT method also suffered from the
drawback that it shows the constant window for all the frequencies. Therefore, it shows poor
frequency resolution. In order to overcome all the problems stated so far, the most recent
powerful mathematical tool i.e. Wavelet Transform (WT) has been used in the rotor broken bar
fault detection purpose at all loading conditions. Ibrahim etal. [IBR 13] presented an effective
method to detect broken rotor bars fault in the induction motors|ASK 10, MOI 12]. This method
is based on the analysis of the g-component of the stator current and discrete wavelet transform
(DWT). Using the dynamic model of the squirrel-cage induction motor taking account the
broken rotor bars. The RMS values of the discrete wavelet transform coefficients are fed to the
artificial neural network (ANN) to identify the machine state. In the papers [DAS 10, HEW 12]
have proposed a simulation model with the help of experimental result and presents a fault
detection techniques using direct wavelet transform (DWT). In [ERE 04] the stator current is

analyzed via wavelet packet decomposition to detect bearing defects [KON 11, SAR 12].

7. Proposed Work
With the recent developments in the electrical machines and modern computing

techniques changed the health monitoring of induction motor. Any unprecedented failure of
induction motor component may cause a huge financial loss to the utilities. Therefore, every
component of the induction motor needs to be continuously monitored. There are many methods

for health monitoring of induction motor discussed in the past.
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Evolution of soft computing techniques has encouraged the researchers to develop efficient
algorithms and tools for health monitoring of induction motor. The basic outline of the proposed

work is as follows:

To develop an efficient integrated soft computing tool.

Health monitoring of induction motor using soft computing tool developed above.

To validate the results obtained by soft computing techniques by its hardware implementation
and lab experimentation.

Evaluation of the effectiveness of developed techniques for health monitoring of induction motor
at different operating conditions.

The Various steps of the proposed work are given in Fig. 6
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Fig.6: Flow chart of proposed method for health monitoring system for Three Phase

Induction Motor
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