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ABSTRACT

Control and Fault progression of a three Induction Motor
By

Syed Nazim Hussain

Owing to their extensive use and waste presence in different procedures
and processes, induction machines are rightly called as the work horses
of the industry. Adequate and timely maintenance, fault finding and
repair of these machines is a mandatory requirement for efficient
working. In literature, extensive work has been presented exploring
induction machine faults their symptoms and remedies. Broken rotor
bar is one of the highly investigated. Due to the complexity involved in
observing this fault, indirect methods to detect its presence are
employed. Simulation is a modern tool to analyze machines under
different operating conditions. However, in case of a faulty machine,
model becomes different as compares to the normal mode. A three phase
induction machine model is presented having broken rotor bars.
Moreover, comparative analysis is performed between faulty and
healthy case. An easy to comprehend model of an induction motor in
abc frame is described to understand the parametric change of a faulty
model of an induction motor. The implementation of both healthy and
faulty model is done using Matlab/Simulink software. First, the healthy
motor is simulated and then the results of faulty motor are compared

with the healthy motor to understand the change in response of faulty



and healthy motor. Consideration is on broken rotor bar fault but other
faults like bearing fault, phase imbalance and mechanical faults can
also occur because of broken rotor bar. As the motor is the backbone of
the process of an industry a short time shut down of a plant is avoided,
the method proposed can be helpful in understanding the current and
frequency response of an induction motor which can be use to avoid
breakdown maintenance. A three phase motor is examined in an
experimental setup with load and no load conditions so that model’s
responses could be validate. Broken rotor bar in hardware is done by
drilling of bars so that different numbers of broken bar could be
analyze. A pattern observed in model can be visualize and can be used
as a comparative technique to find the number of broken rotor bar

broken.
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CHAPTER 1. INTRODUCTION

In an industry, induction motor is considered as the backbone as it is the
prime mover of an industrial process. These motors are generally reliable.
But manufacturing and installation, heavy load parameters and
environmental factors sometimes lead to internal fault occurrence. These
faults occurred in stator, bearing, accessories and in rotor. Bearing and
accessories faults are often and can be resolved without affecting the
production, as they are less time consuming and can be maintained on the
working floor at plant. Faults like stator core or winding, rotor breakage,
damage lamination or air gap eccentricity are time consuming faults as
maintenance engineer has to remove the motor from the field and fix it on
the working table in the lab, as it need special care and tools. If there
isn’t a stand by motor, production has to suffer which is a loss and can
lead to heavy loss in case of large scale production.

DC motor drives with an advantage of simple control scenario were
introduced earlier. The drawbacks of DC motors were known, but the
preference of these motor appreciated in most applications. Although, AC
motors were existed but considered in open loop operations only at that
time. The discovery of inverter technology diverted the situation in favor
of AC motor. The feature like reliability, ruggedness and long term cost
effectiveness compelled the plant designer to choose AC motors over DC.

As the usage is directly proportional to fault occurrence.AC induction



motor occurred faults which diverted the concentration of engineers and
researchers to look into these faults. A huge database of research literature
is dedicated to these faults and increasing efforts are being made day by
day.

Earlier mentioned faults are potential hazards to the operational safety and
can affect the operational cost of the system. Broken rotor bar is often in
an industrial setup. The causes of these faults are described above.
Although, these faults aren’t initially causes motor failure but can affect
the efficiency by lowering it and can shorten the life of an AC induction
motor. Machine breakdown may occurred eventually if insulation or
winding damages. Motor operating with broken rotor bar causes sparking
which is a fatal hazard in petroleum, mining or petrochemical industry as
flammable gases are present in such operations.

Preventive measures should be adopted to avoid such faults as a vital
parameter. Predicting such faults is desiring by the maintenance team as
it’s not only helpful in reducing operational cost but allows scheduling of
maintenance provisionally as well, which in result minimize the down time.
A vast research is studied in condition monitoring and fault diagnosis of an
induction motor. However, the key feature is diagnosing the fault of an AC
induction motor by monitoring the operational parameters of machine. By
monitoring the condition, the evaluation is continuously performed
throughout the serving life of an AC induction motor. A complete

diagnosing cycle of condition monitoring compromises of following tasks.



1- Transduction

2- Data acquisitioning

3- Signal processing

4- Fault diagnosing
Measuring and analyzing method may differ as per the type of fault
Whereas, electrical quantities are most appropriate measuring parameter.
Motor current, voltage and leakage flux are the most usually investigated
parameters in condition monitoring and fault diagnosis. The presented
work is to investigate and analyze motor’s stator current and its
representation with varying number of broken rotor bar. The speed torque
curve is included as well, to visualize the change in speed and torque of ,
an AC induction motor with varying number of broken rotor bar. There are
several other methods like temperature of core and level of bearing
vibration adopted to diagnose other fault conditions like defect in
insulation, partial discharge, bearing degradation and other score

temperature or bearing vibration.

1.1 Importance of Current Signature Analysis for Fault
Finding

Fault diagnosis and condition monitoring of an induction motor are of

prime importance to identify a specific fault and to identify an authentic

approach to obtain a practical online system. Researchers have found that

motor’s stator current depicts overall condition of an induction motor by



mean of frequency component in current signature. Thus, investigating
stator’s current spectrum, fault diagnosis can be accomplished[1]. Motor
Current Signature Analysis (MCSA) is an effective approach to monitor
motor’s condition and fault, adopted widely in the end of 20" century.

A MCSA system is consist of current lead, a signal processing system and
an algorithm of fault detection. A MCSA system for detection of broken

rotor bar is illustrated in figure 1.1

Motor [T Sfansor Signal Fault
Signal Process Identity]
Broken Rotor Bar Stator Current DFT Expert Knowledge

Fig 1.1 A typical flow chart of MCSA system for broken rotor bar

diagnosis.

A Current Transformer(CT) is used to measure the stator current of
motor’s stator. The signal is then processed for spectral analysis. In signal
processing system signal is passed through low pass filter then analog to
digital (A/D) conversion is applied and transformed into frequency
domain. At the end of the procedure frequency components can be visualize
either manually of using pattern recognition technique, fault detection
could be done.

There are several merits of MCSA system, some of them are



1- An online approach is desirable as it doesn’t interrupt the production
of an industry
2- Applying CT for the measurement of current in inaccessible location
or hazardous environment in the plant area is demanding, as it need
to be done at the time of plant installation and not needed in routine
which is a mandatory schedule to keep the system in working
condition, by the maintenance team.
3- Physical Impairment of motor is not further required, as it’s a non-
intrusive technique
Researchers have dedicated their efforts recent years to the Induction
Motor’s broken rotor bar fault[2][3]. It can be done using MCSA system.
The thesis covers detection, modeling, impacts and causes of a broken
rotor bar in an Induction Motor. The model is dynamic and can be used to

visualize the model of different rating.

1.2 Motivation

The symptoms of broken rotor bar of an Induction Motor for the purpose of
diagnosis is the presence of frequency component on either side of the
fundamental frequency [4]. Referred to as rotor bar’s side band frequency.
The components sideband frequency are close usually, to the fundamental
frequency and small amplitude relatively. A frequency selection technique

is difficult because of low signal to noise ratio.



A classical technique to analyze spectrum is Discrete Fourier Transform
(DFT). A fast algorithm of computation is Fast Fourier Transform (FFT),
has adopted in implementing of MCSA[5][6]. However, there are
limitations in its application, such as side lobe leakage impacts and
frequency resolution limitation. Sideband frequencies of broken rotor bar
moves with the rotor speed variation, load condition of motor is influential
as well. In the condition of light load, sideband frequency may become
very close to fundamental frequency. The motor’s load condition are
dynamic usually, which variants frequency component current signal. Such
factors, in result make the data windows enlargement quite difficult or
close to impossible. Thus, in most literature reported the machine’s load is
kept fix usually at full load in MCSA system, in DFT of signal processing
system.

The visual for the current analysis and/or speed-torque is either a stronger
tools either to decide manually by an experienced maintenance personnel,
or the pattern recognition technique is a powerful tool to analyze the
fault’s severity and type.

A model is built in simulink using tools and techniques to implement and
simulate the operation of an Induction Motor with broken rotor bar. The
factor motivated to simulate is the simple yet strong approach to implement
different number of broken rotor bar and varying load conditions, as well
as econo mical factors are also motivating. The validity of such readings

can be confirmed via experimental results of real motor.



1.3 Synopsis of thesis

The research is to address the hypothesis that broken rotor bar can be
detected via spectrum of stator current, a model of an Induction Motor with
broken rotor bar can be modeled and simulation can be performed as per
the effects of stator current. There are unique and strong techniques to
visualize the faults in an Induction Motor. While formulating the
investigation plan for hypothesis, some questions arise and will be
answered in the thesis.

The indicators of broken rotor bar’s stator current will be investigated.
The description of broken rotor bar fault in the model will be performed.
The traditional methods and their limitations will be discussed.
Improvement in classical techniques will be enlightened. The effect on
performance and factors effecting the performance will be covered in the

thesis.
1.4 Thesis organization

The thesis is organized in 6 chapters. Chapter 1 is a brief introduction to
broken rotor bar faults and motivation

In chapter 2 an introduction to the induction motor will be given and the
literature review is included with existed work, chapter 3 consist of
induction motors model, chapter 4covers the introduction to broken rotor
bar and its application in model. The model can be used to study impacts of
broken rotor bar in an Induction Motor and to identify the different faults

as per process need. The broken rotor bar is implemented in chapter 5



using simulation techniques, based on visual of different data sets. the
results and their identification is performed and lastly the thesis is

concluded in chapter 6.



CHAPTER 2. Literature Review

This chapter describes basic, physical phenomena related to induction
motor and it’s fault. Moreover, explanation of physical phenomena of

induction motor with broken rotor bars is included.

2.1 Induction Motors

Induction motors referred as “working horse” are electro-mechanical
devices used extensively in industrial processes worldwide, in conversion
of electrical energy into mechanical energy. Induction motors are widely
used because of their robustness, easy installation, controlling, and
adaptability in many industrial applications such as pumps, conveyer belts,
ball-mills, fans, air compressors, machine tools and many other
applications. The supply of an induction motor is may be direct from a
constant frequency which is sinusoidal power supply or may be by an ac
variable frequency drive. There are many types and applicationsof an
induction electric large range of types and applications of electric
motors, the focus of this discussion will be on those studied in this thesis.
In other words, the focus is on the three-phase squirrel cage induction
motor, which is a type of asynchronous motor. As is common in the
literature, a three-phase squirrel cage induction motor is referred to as an

induction motor throughout this thesis
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2.1.1 Components

An induction motor has several parts but it is essentially composed of a

squirrel cage rotor and a wound stator [7].

The rotor is consist a squirrel cage or wound rotor, a shaft, and a
lamination stack as shown in Fig. The main part of the rotor in an
induction motor is the squirrel cage, which is composed of two end rings
and bars. The rotor bars which are conductive are short-circuited on both
sides by the end rings. The electric current circulates from one side to
other side of the squirrel cage rotor. The bars are enveloped by iron core
lamination, which concentrates the magnetic flux from the stator in the
rotor. This lamination mechanically supports the rotor shaft as well. On
both sides of the rotor shaft there are bearings which allow the rotor to

spin inside the stator freely.

Steel Laminations

Conductor Bar End Ring

Fig.2.1 Cutaway View of Squirrel Cage Rotor
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The stator is consist three parts:

frame, lamination core and windings. The frame provides mechanical

support to the stator and the rotor shaft bearings.

The windings are comprised of three distributed coils along the stator core

lamination which are connected to three-phase power supply.

g

B2 C2

oLy

B o wm wm mm wm wm

Fig.2.2 2-Pole Stator Winding

The stator is connected to the power supply. It would be described later in
this chapter that there is space between stator and rotor which is known as
the air gap. laminations are stacked together to form a hollow cylinder.

Coils of wire which are insulated, are inserted into slots of the core.
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Fig.2.3 Stator Winding Partially Completed

Bearing are mounted on the shaft which supports the rotor and allow it to
turn . Shown below is a motor’s cutaway view. It is mounted with a fan on

the rotor’s shaft to cool down the motor when rotating.
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End Bracket
(Bearing Housing)

Cooling Fan

Bearing

Frame (Yoke)

End Bracket
(Bearing Housing)

Fig.2.4 Cutaway View of an Induction Motor

2.1.2 Comparison of Induction Motors

There are many types and applications of an electric motor. The focus of
this discussion is on those studied in the thesis. The focus is on the 3-
Phase squirrel cage induction motor, which is an asynchronous motor.

AC machines are of various types and its depend on their structure and
principle of operation. The synchronous machine has a distinguished
feature which differs them from asynchronous as their rotor field is
produced by a separately excited source. In synchronous machines, the
rotor’s movement is synchronized with the stator because the flux of rotor

tend to aligns itself with stator field. The winding and rotor structure of an
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Induction Motor can be viewed in Figure which shows the stator winding

and rotor structure of an Induction Motor

There are many advantages associated with an Induction Motor as
compared to other electric motors. The independency of brushes as in DC
motor, makes an/induction Motor quite robust to work in harsh
environment, and such maintenance is not required. AC Induction Motor is
less expensive than that of other types of electric motor, mainly because it
don’t need any permanent magnet. These magnets associated in electric
motor are also susceptible to high value of temperature and therefore make
permanent magnet dependent motors less robust in harsh thermal
environment and conditions. Another drawback is that inability to access or
control rotor flux as its depends on permanent magnet. These problems
with their affects make the choice easier for maintenance engineer as these
parameters are required in situations like improving efficiency and power

factor.

Despite of such serious advantages there are some disadvantages associated
with Induction Machine. The existence of rotor winding in wound rotor
makes Induction Motor sensitive to rotor electrical losses which effects
and degrade the improvement in efficiency of these motors. Due to rotor
winding, these motors require large space for dissipation of heat. On the
other hand, this results in reduced size of motor. In permanent magnet
motors the stator current doesn’t need to produce rotor flux as the

permanent magnets used in place of rotor winding or bars. This produces a
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complete wutilization of stator current for the production of torque.
Furthermore, the sinusoidal distribution of winding produce torque and

current ripples.

2.1.3 Area of application

Induction motors are most widely used in industrial purposes as these
motors are rugged and robust robust machines and can in harsh
environment. These machines are used not only for general purpose but in
hazardous locations and in severe environments as well. General purpose
applications of an induction motor include pumps, centrifugal machines,
presses, conveyors, machine tools, elevators, packaging equipment and

others.
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Fig.2.5 Applications of Induction Motor

Applications in hazardous locations include petrochemical and natural gas
plants, whereas severe environment application of an induction motor
include elevators, coal plant’s equipment & shredder. As an induction
motor is reliable with good efficiency and requires low maintenance. A
high margin of power, which is in megawatt(MW) is consumed by induction

motors which satisfies the production need of process in an industry.
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2.2 Induction Motor Operation

The principle of operation of an induction motor is based on the
synchronous rotation of the magnetic field [10]. The stator is consist of
three electrically shifted windings by 120° Source of three phase AC is
connected to the stator such that A1 and A2 are connected to phase A, Bl
and B2 are connected to phase B and C1 and C2 are connected to phase C.
the separation between each electrical phase is 120°. Here, Al, B1 and C1

are also 120° apart as can be seen in the figure given below.

To Phase A

Phase A Phase B Phase C

To Phase A

Fig.2.6 Three Phase Distribution in Stator

A three phase AC power is supplied to the windings. A current | when
passes through a coil, inducing a magnetic field in the coil with two poles
(north and south). The magnetic field H which is generated is proportional

to the current I. The magnetic field H is characterized with a sinusoidal
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spatial distribution, and it inverts polarity by 180° in each period. As a

result of three phase stator current I,, I; and I, three magnetic fields H,,
H; and H. are generated. The three phase with a phase shift of 120° on

stator currents of an induction motor generates a phase shift of 120° in
magnetic fields. These magnetic fluxes are generated through the
lamination of rotor and stator. The equivalent sum of these magnetic fields
is the resultant magnetic field, at each time instant. The resultant magnetic

field’s rotation is shown in Fig.

Fig.2.7 Magnetic Field Production
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At time 1, no current flows through the coil so that no magnetic field is
produced. At time 2, current is flows in positive direction and a magnetic
field builds up. At time 3, current is flowing at it’s peak. At time 4,
current starts decreasing hence magnetic field starts decreasing as well. In
the positive half cycle the south pole is on the top and north at bottom. At
time 5, no current flows so that no magnetic field is generated. At time 6,
current is in negative half cycle and increasing negatively. The negative
cycle is followed until time 7 and 8. The current then returns to zero and
again no magnetic field is present. The negative half cycle contains the
polarity such that the north pole is on the top and south at bottom.

For an AC source of 50 Hz, the process repeats itself 50 times.

This generated, rotating magnetic field induces electrical current in rotor
of an induction motor that’s why we name this machine an induction
machine. The induced current in the rotor bars generates magnetic field on
it which is in opposite polarity of that of stator. As a result, the rotor
which is movable, follows the magnetic field which is rotating as unlike

poles attract each other.
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Al Al
BE/N?-'-LWJ B2 ,@?lfﬂ%\ C2

A
|
|
|
|
B | | | | I
| | | | | | mpro |
€ | | | | — 360" —>
Start 1 2 3 4 5 B

Fig.2.8 Rotating Rotor Bar with respect to magnetic field

The pole formation, as can be seen in the figure above, tends to move the
rotor 360°which is complete revolution.

There is a difference between the speed of rotating magnetic field in stator
and rotor rotating speed as rotor is following stator magnetic field. This
difference is referred as “slip”. The required torque can be produced by a
small slip speed which is required to produce rotor current that’s needed
as the resistance of bar of rotor is very small[9]. The torque developed is

proportional to the product of currents of rotor and stator.



21

2.3 Induction of Motors Parameter

2.3.1 Current and Voltage

An induction motor is supplied by a source of AC three-phase in which the
phase shift between phase of currents is 120° or 2n/3 (electrical radians).

The three phase currents are defined as[10].

I, =1, cos(ot—O)

I, = ImCOS(a)t—Q—Z?ﬁ)
I = Imcos(a)t—®+2?ﬂ)
Where,

ia is the current of phase A,
ib is the current of phase B,
ic is the current of phase C,
Im is the peak fundamental frequency current of each phase current,

o is the fundamental angular electrical frequency in (rad/s),

¢ 1s the lag power factor angle in rad

and t is time in second.

Due to the symmetric phase-shift in phase current of 120° in the phase

currents, the sum of three phase currents is zero(0) as given.

I, +1, +1,=0
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The phase voltages are also shifted by 120° or 2n/3 rad. Considering, phase

voltage, v_as reference, the three phase voltages are defined as.
v, =V, cos(awt)

v, =V, cos(wt — 2{)
v, =V, cos(wt + 2?”) =V_ cos(wt — 4?”)

where, v, is the phase voltage of phase A,

v, is the phase voltage of phase B,

v, is the phase voltage of phase C, and

Vm is the peak fundamental frequency voltage of the phase voltage.

Similar to current the symmetric shift of 120° in the phase voltages, the

sum of three phase voltages is zero as given by.

vV, +Vv, +v. =0

2.3.2 Synchronous speed, asynchronous speed, and
slip speed

The magnetic rotating field speed is the synchronous speed. For an

induction motor with poles P, the synchronous speed in r/min is given as

120 f
r-]syn — T a
P

where,
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f is the stator frequency in Hertz and

nSyn Is the synchronous speed in r/min

However, the rotation of rotor is in asynchronous speed, which’s slight
slower than the synchronous speed. This difference is called the slip speed

as mention earlier and given as.

n.=ng,, —N

S syn asyn
where,
nasyn is the asynchronous speed in r/min and

n, is the slip speed in r/min.

Moreover, the slip speed can be defined in per unit system also, given as

syn asyn

syn

As mentioned earlier, the synchronous speed of an induction motor which

is connected to a constant frequency sinusoidal ac power supply, it depends
on the frequency and number of poles. The number of poles in an induction

motor can be two, four, six, or eight, etc. Whereas, the rotor speed which
is asynchronous depends not only on the frequency and poles but also on
load torque. As a result, a high torque results in a high slip and a slow
rotor speed. Hence, an induction motor which is connected to a sinusoidal

power supply of constant frequency runs at one asynchronous speed and
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provides no mean of speed control. Consequently, an induction motor can
run at a constant speed, and can be used in applications with fixed speed
such as constant flow pumps, air compressors, fans, constant speed

conveyor belts, mixers, and drills.

2.3.3 Torque

Torque is the force needed to turn a shaft times its arm length to the axis

of rotation. The torque (T) is given by.

T=Fr
Where,
F is the force in Newtons (N) applied to a shaft and

r is the arm length of the force

F
Lt
A
e s { { i
- f | f |
A s
s | I.I rl.'l
II"\\ N L//

Fig.2.9 Torque applied to shaft
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2.4 Speed Torque Analysis of an Induction motor

The torque in an induction motor can be produced by the interaction of the
resultant air gap flux and mmf (magnetomotive force) of either the stator
winding or the rotor [10]. Torque is produced on motor’s shaft only if the
rotor is running at lower speed lower than synchronous speed, i.e. if the

slip speed is a not zero.

Different expressions can be used to compute the torque of an induction
motor [11]
Following expression can be used to compute the air gap torque profile

[12]

T = %[(Ia o ib)l//ca B (IC N ia)l//ab]

A torque-speed characteristic curve of an induction motor is shown below
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Fig.2.10 Induction Motor and its torque speed analysis

3-Phase induction motor’s rotor is categorized on the basis of its
construction. There are two types of rotor being manufactured:
i. Squirrel Cage Induction Motor

ii. Wound Rotor or Slip Ring Induction Motor

Both types of rotor has a stator which consist of a 3-phas-e balanced
winding with distributed phase. Each phases are distributed mechanically
in space by 120° from other windings of phase. The rise in magnetic field
which is rotating when current flows, is due this space in windings.

In an Induction machine with rotor type of squirrel cage, the rotor is
consist of longitudinal bar of electrical conductor bars. These bars are

connected to circular rings of conductor and are short.
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In an induction machine with rotor type of wound rotor, the rotor is consist
of a 3-Phase balanced winding distributed equally as well. Number of poles
are same as that on the stator winding.

Considering balanced 3-Phases , the analysis of a 3-Phase induction
machine can be accomplished by analyzing any one of the phase. The per

phase equivalent circuit of an induction machine is given below:

Fig.2.11 Per phase equivalent circuit

R, and X, are stator referred values of rotor resistance R and rotor

reactance X,. Slip is defined by

where, o, is rotor speed and o, is synchronous speed.

120 f

Further, @ :T
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Where f is the frequency of the supply and is denoting number of poles.
As we know that, impedance drop in stator is generally negligible as

compared to terminal voltage V, the simplified equivalent circuit can be

shown as:
L, m e R, 1, 3%

Fig.2.12 Per phase approximate equivalent circuit

Rotor current is given by,

Vo

IR 40X, ]

I

Power transferred to rotor (or air-gap power) is given by,

RI’
P, =31,

Rotor copper loss is given by,
F)cu :3|2Rr

Electrical power converted into mechanical power



1-s
I:)m = I:)g _Pcu :3|22Rr( S )

Developed torque in motor is given by,

T Fn
a)m
Thus,
T _ 3I22Rr
S

S
By substituting the value of 12 equation above, we get,
2
3V,°R,

T = S
Rr 2 2
a)s[(Rs_'_?) +(Xs+Xr) ]
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By differentiating ‘T’ with respect to s we get the slip for maximum torque

R

r

s, =1
JIRZ+ (XX, )]

By substituting the value of Sm in T we get maximum torque,

20,[R, £ /(R >+ (X, +X,)%)]

T

max
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CHAPTER 3. Modeling of Induction Motor with

Broken Rotor Bar

A dynamic model of an induction motor is developed to investigate the
impacts of broken rotor bar and to compare the generated signal via
hardware setup with the models signal. Consequently, the level of
difference or similarity can be achieved so that a model with precision
could be obtained for such faults and other faults related to an Induction
motor. The modeling is a powerful tool for engineers, researchers and
scientist. Beside economical benefits, the need of manpower with such
training is hard to find. Further the cost of manpower and that of motor
makes such work harder and complex, as a simple experimental setup
consumes a lot more time than a model in software which is economical as
well. The breakage of rotor bar in a model is somehow easier than that of
physically breaking it in an experimental setup. In MATLAB it’s the matter
of understanding and implementing formulas and adding new blocks. It
could be tough but not that much that in an experimental setup. Breaking
such bars need manual dismantling, breaking the bars by mean of drilling
or other method than installing the motor again. Repetition may be needed
if number of broken rotor bar are dynamic. Sometimes, the motor of high
rating and power are huge and need special equipments to handle them. The

model on the other hand is flexible. The parameters of the machines could
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be change, the number of broken rotor bar can be varied, the load

conditions are handy and other.

3.1 Introduction

A model which should be reliable and realistic for accurate prediction and
simulation of fault is needed. The designed model must be dynamic to
execute the dynamic characteristics and should be able to simulate healthy
motor and defective motor as well. The simulated desired current stator
should be able to reflect broken rotor bar’s impact and its influence. The
model designed should be easy to understand, manipulate and should be
dynamic and accessible. Different approaches have used for the
development of dynamic model of an Induction motor[13][14]. A
mathematical model is designed is this chapter then broken rotor bar is
modeled in the design specifically, which is done by unbalancing the rotor
resistance.

For engineers MATLAB is a powerful tool to implement and simulate and
it is easy to use as well[15]. The motor’s model is simulated in MATLAB.
Whereas, the simulations result are analyzed to study the broken rotor bars
and it’s impact on the motor and current. The results of the modeled motor
are compared with the experimental results, so that the validation of the

model could be accomplished.
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3.2 Mathematical Modeling

The stator and rotor of an induction motor are coupled written in
magnetically. An induction motor in matrix notation can be written in

terms of voltage, in abc frame of reference as[22]

abc . -abc S
Voo =L + —dt
ape |, AAP

v =i 4 =T

dt

and,

abc __ j abc;abc abc: abc
/’ts - Lss Is + Lsr Ir

abc __ | abc:abc abc: abc
ﬂ‘r - er Ir + Lrs Is

abc ;abc abc ,abc ;abc abc
Where, Vs 1l ,/15 Ve 5l and /’Lr represents voltages, current and

flux linkage in stator or rotor respectively. In the equations above
superscript abc represents three phase and subscript s and r represents
rotor and stator. The notation ¥g and K, are the stator and rotor

resistance which is equivalent of single phase. The resistance in each phase

is considered equal in ideal induction motor.



abc abc L. . . .
LSS and er notifies the self inductance of stator and rotor windings,

. b b
respectively. Whereas, Lirc and Lfscare the stator to rotor and rotor to

r,, O
=| 0 I,
0 0

stator mutual inductances, respectively.

The sub-matrices of self inductances are

Labc .

SS

abc __
er

Lls + Lss Lsm
Lsm I—Is + Lss
| Lsm Lsm I—Is
i I—Ir + er er

rm

L L

rm rm

L I—Ir + er

L

Ir

L
L

S

m

Sm

+ L

L

Ss _|

rm

L

rm

+L

rs _|
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|—|s is the stator winding leakage inductance and |—|r is the rotor winding

leakage resistance.

The stator to rotor and rotor to stator winding mutual inductances are
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cosd, cos(b, + 2—”) cos(6. —2—7[)
3 3
abc abc T 272— 27[
Ly =L | =L, | cos(q, -=) cosf cos(6, +—)

ccos(6, + 2?”) cos(6. — 2?”) Cos 6.

In the equation above LSr and Lrs is the peak value stator to rotor and

rotor to stator mutual inductances. 9r is the electrical angle between

stator and rotor. It is called rotor angle as rotor is the rotating only not
stator.

In the equations above rotor and stator voltages equations are related by
mean of mutual inductance and is a function of rotor angle and varies with
the variance of rotor position and time.

As mathematical transformations are used to study the rotating electric
machinery because voltage equations are time-varying.

Park’s transformation is used to transform abc to qdO frame of reference

with O is the stator transformation angle between g-axis of arbitrary frame

of reference and a-axis of stationary stator winding

o(t) = [ (£)d < +6(0)

The rotor angle may expressed as

0.(t) = [ @,(£)d< +6,(0)



Here ,9(0) and Hr(O) are the initial angular values of transformation

angle and rotor angle, respectively.

State variable transformation can be written as,

fqdo(g) - quo(g)f

abc

Here the elements of column vectors fqu and fabc can be flux

linkages, current or phase voltages. quo is the transformation matrix

which is

coséd cos(f— 2?77) cos(@ + 2?7[)

. : 27 : 27
T40(0)=|sing sm(@—?) sm(¢9+?)

1 1 1
2 2 2

The inverse transformation equation can be written as

fabc — qdo(e)_l fqu

Where ,

cos @ sin @ 1

To0(0) " = cos(e—%”) sin(@—?ﬂ) 1

27T ) T
cos(@+—) sin(@——) 1
( 3) ( 3)
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Transformation of machine voltage and flux linkage equation from abc to

dqO reference of frame by applying transformation function is done by

|: qd0 (Q)Aqdo:l
dt

VI =T 0 (O T oo (0)i3°+ T 40 ()

S

ngo - qu(H_g )rrTq;JlO(g_gr)i?d0+qu0(9_0r)
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d[ To(0-6,)4"° ]

dt
Substituting the matrices of transformation and rearranging we get,
qd 0
quO r.qu qu Equ dﬂs
i dt
d A%°
qd0 __ qu qu qu
V,' =T, +E, —
dt
where,
[0 1 O]
qdo qd 0
E, ol -1 0 0 |A
|0 0 O
0 1 O]
E =(w-w )| -1 0 0[a%°
0 0 0

and,
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,_40 _d(©)

dt = " dt

and,

r°=r|0 1 0,r'=r|0 1 O

S 1 r

0 0 1 0 01

The Z—? term denotes the rate of exchange of magnetic field between

windings.
The application of park’s transformation in the equations of flux linkage

will be such that

/»quo . qdo(g)(l—abc abc_l_ abclabC)

S

and,

/»Llfqdo L qdo(g)(l_abc abc + Labc abC)

The final matrix by arrangement of equations we get,
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The equivalent circuit of an induction machine is shown below with

arbitrary frame of reference.

Igs ls WAgs Xis X'y (W-)N'4r r gr
W0 | ™ ) M=
- - — B+
EQS E qr
"
Vqs 3 xm V qr
a- g-axis
idS r$ whqs XIS xllr (w'wr))\’qr rlr i'dl'
= W— OO
+ _ _ +
-+ Eds Eldr+
L]
vdS 3 Xm V dr

b- d-axis

o O O O O

-

38
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iUs rs x|S xl|I' I"r ill_'_lr
== AN MM ' AN\ ——=
- -
Vos Vor

C- zero sequence
Fig. 2.13. Equivalent circuit of an induction motor in arbitrary

frame of reference

As the induction motor is symmetrical machine, any fault can effect the
symmetry of the machine. Broken bar effects the resistance of the machine
which consequently impacts magnetic field between rotor and stator. The

alteration in rotor resistance will be such that,

(r +Ar,) 0 0
= 0 (rt+Ar) 0
0 0 (r +Ar,)

The change in resistance due to broken rotor bar is as[5],

3n
Arra,b,c — o rr

Here, n, and N, are the number of broken rotor bar and total number of

bars, respectively.

The increment Arcan be represented as
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* 3N
Ar=r. —r, = Bb g
N, —3n,,

A general model of a three phase induction motor is described with
computer implementation [16] in SIMULINK is shown below in sub-
model’s form The sub-model to implement three phase into two axes
transformation (3/2) of stator voltages, currents calculation is shown in

equation (1)

V
V. 1 -1/2 —-1/2 Vas 0
Vi | |0 /3712 —J3/2 Vbs

Vi Vs VY, are three phase stator voltages whereas, V, and V. is

transformation of stator voltage in two axes transformation of vector V,.

Currents equations of three phase induction motor in two axes stator
reference frame is given in equation (2). Where, the values of inductance
and resistance of rotor and stator and mutual inductance is kept constant

where as they might be slightly change in real time motor mechanism.
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Fig. 3.1. Electrical model of an induction motor in SIMULINK

1 = I{L_lx(\/—Rxl)}dr )

Where,
] L 0 L 0] [Va
Ios 0 L 0 L, Vi,
I = ] L = IV = 1
Idr I‘m 0 I‘r O Vdr
Iy 0 L, 0 L | V,,
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R, 0 0 o ]
R, 0 0
R: ga)ol—m s ga)ol—r
—Ea)oLm (@) —Ea)OLr R,
| 2 2 i

Implementation of equation (2) is such that the input is [V, V, V] and
[ids Igs  ar iq,} are the output current of stator and rotor from the model
shown in figure 2. Here, Vy,= 0 and V,= 0 due to the short circuited

winding of cage rotor.
Torque sub-model of the motor is implemented using equation (3) and

mechanical sub-model using equation(4)

T PL (Idrlqs Iqrids) (3)

t
o, = I T-T gy, (4)
7=0

The torque and mechanical sub-model is implemented as shown in figure

3 and figure 4 respectively.
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Cument vector ) K Gain
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Product

Fig. 3.2. Torque sub-model

Torgue 1
. e I
. speed
L. Gain Integrator

load

Fig. 3.3. Mechanical sub-model

Output sub-model of the stator current of three phase induction motor is

calculated using equation (5) and could be implemented using ‘Fcn’ block

of SIMULINK.

T 2 1€ ]
\'s\=§\/('ds)2+('qs)2 (5)



The complete block diagram of three phase

equations (1-5) is given in figure 5.

dphase supply
Iphazs voltage
s, igs, dr,iqr

rotor speed

induction motor

Electrical Model

—» ) Jo >’La ¥ 1)
stator cument
Fen Sqrt Gain
torque
Je{ Current wector  Torgue Tongue
speed
Torque submodel toad
lzad
Subsystem
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IS using

speed

Fig. 3.4. Induction motor

A three phase sinusoidal voltage generation is achieved using equation (6)

as |V| is the amplitude of the terminal voltage, Q is initial phase angle and

w is the supply frequency

(

V.

~

V,, =|V|Cos(wt +0)

27T

Vbs :|V|C03(wt—?+0j

V., =|V|Cos(a)t+2?ﬁ+6’j
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Three phase voltage model is shown in

Q
(1 Jin
Constant2
-
[ . X
w + -l/-' cos{u) 3
= Product1
Constant N o
[+
Product
Clock
Q
Constant5 L,, _—.
d
w = L B
= .I—. cos{u) > L
Constant: Product3 Cut1
- Fen1
(© p % —
Clock1 Product2
bpi/3 Q -+
| -
C C z
Constant3 Constant7? |+ cos(u) > X
Product5
W 2 + Fen2
e B
> L
Constant
Product4

Clock2

fig.3.6

Fig. 3.5. Three phase supply sub-model

The terminal voltage is given by equation (7) due to the supply cable’s
voltage drop and it’s implementation is shown in figure 7.
I

V|=E-R, (7)

Where E is supply voltage and R_is cable resistance
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The complete presentation of power supply for a three phase induction

model is shown in figure 8 using equation (6) and (7).

@—} stator cument
stater cument
stator voitage | In1 Outt —@

V. ——{voltags Iphaze

3 phase supply

voltage supply Terminal volta
Eh
F

terminal voltage

Fig. 3.6. Power supply sub-model

Using power supply sub-model and induction motor sub-model a complete
representation of the system is implemented as shown in fig.3.9.
The XY-graph block is used to get the torque/speed characteristic of the

three phase induction motor

—*[O]
P
XY Graph
sohase o 2oz supply stator current —
N torgue J
tzrminal voltages 3
Tl oad
— specd|— pl ]
power supply blodk Constant :
Induction motor model Scope

Fig. 3.7. Induction motor model



47

Broken rotor bar faults occurred generally in induction motor due to
different reasons some of them are thermal stress, magnetic tension,
bearing failure, dynamic pressure and load variation [17], [18]. The present
work is a comparative analysis of a healthy and a faulty motor (broken
rotor bar fault). Considering dynamic resistance of the rotor as its
depending upon the number of bars broken. There are several methods and
models to identify the resistance of broken rotor bar, we are considering
one of the model[19] to identify the value of that changed resistance as the
rotor broke and the value of that resistance is change as number of broken
rotor bars change.
n, R
N r (8)

3

AR =

In the equation above R, is the rotor resistance when no bar is broken, N is
the number of total bars in rotor, n, is the number of rotor bars broken in

rotor. This change in rotor resistance is used to simulate the model of

healthy and faulty rotor of an induction machine.
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CHAPTER 4. Implementation on Hardware

4.1 Introduction

Implementation of modeled motor in hardware setup is done using a
mechanical structure on which motor of 1H.P is mounted and the readings
are extracted using an electronics circuit which will be explained in this
chapter later. Further, these reading are evaluated and analyzed the
designed model so that impacts of different scenarios could be visualized
and discussed. First, the healthy motor with no bar broken is demonstrated
and illustrated. Then, rotor bar are broken so that further analysis could be
performed. In the end, a comparison is made between different fault
conditions and presented.

The current extraction performed using a hardware setup in the laboratory.

This chapter include following steps.

To illustrate Data acquisition from motor without disturbing its
operation and at a sampling rate which could visualize current

peaks changing in ms.

The motor and its parameter so that motor selection could be and

its impact.

Fault injection in motor.

Overall hardware setup formation.
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4.2Components

4.2.1Arduino

There are several methods to extract the current from a system. The method
adopted is to use the analog port of Arduino MEGA 2560. As it is simple,
reliable and portable device, it can be used to get the current spectrum of
any device at the desired level of sampling. Arduino Omega 2560 is
programmed to get the current with sampling frequency adopted at 1Khz,
10Khz and 20Khz and chose the suitable one to analyze the effects of fault

on spectrum.

Fig. 4.1. Arduino Mega 2560 Controller

Analog portl is used to get the analog data from hall effect sensor 712S

with a range up to 20A.
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4.2.2 Hall effect sensor :

Fig. 4.2. Hall Effect Sensor Module

Hall effect sensor which is a transducer varies it’s output voltage in
response to a magnetic field. Hall effect sensors are used for different
applications like switching, positioning, speed detection, and
current sensing applications. It has a bandwidth of 50KHz with error in
accuracy of about 1.5%. It is an easy to implement module for sensing of

AC or DC currents.

4.2.3 Three Phase Induction Motor:
A single HP SIEMENS three phase induction motor is used to perform the
analysis using a mechanical structure to mechanically fix the motor so that
vibration and safety issues could be resolved. The motor has 2 poles and 14

rotor bars to induce the field in it.
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Fig. 4.3 Induction Motor’s Rotor and Stator

4.3 Connectivity

Hall effect sensor after connected with Arduino Omega 2560, using lines of
command can extract the current from the device at desired frequency so
that close analysis could be performed. Analog current from hall effect
sensor is adopted through Arduino then transmitted to the computer via
serial port. Serially received current is then saved and analyzed in
MATLAB. The Arduino software can be used to read the signal serially
through Arduino and can easily stored way the data serially through serial
port and saves the incoming data into .txt format easily. The can be stored

and then analyzed for experiments.
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Fig. 4.4. Data Acquisition From Motor

The text(.txt) file can be loaded into the MATLAB using simple line of
commands. Once the data is uploaded into the MATLAB, the experiment on
different scales can be performed. MATLAB provides a dynamic setup to
analyze the data using different tools and techniques. Frequency and time
domain analysis are then performed on the basis of these readings to find

the difference in response on different fault conditions.
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4.4 Fault Injection in the Rotor:

Fault in induction motor is injected by mean of drilling the rotor bar in
such manners that only bar should be broken and no other part of that rotor
should be affected. It is performed in the mechanical workshop where a
drilling machine is used to drill the bar to break it and increasing the
number of broken bar. In some cases the size of drilling bit can matter so
the selection of the bit is an important factor as in case of smaller size the
bar may not break completely and can effect the results and in case of
bigger size the surrounded area of bar i.e iron core may be effected and can

cause a change in current parameters.

Fig. 4.5. Fault Injection by Mean of Drilling the Rotor Bar
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4.5 Effects of Injected faults

There can be several effects occurred while motor is operating under fault
condition whereas, it depends on the level of fault and it type as the phase
imbalance, bearing fault, mechanical and broken rotor bar, all of these

faults have different impacts on operation.

4.5.1 Impact on Current

The main consequence of any fault variates the current. This variation
could be from mA to A. The change in current spectrum and its pattern is
highly investigated and still under consideration in condition monitoring
and fault finding techniques. The change in current occurred after breaking
the rotor’s bar and this variation is increased with respect to the number of

broken rotor bar.

4.5.2 Impact on leakage flux

As the number of broken rotor bar broke the leakage flux at a particular
frequency was increased. The flux which has to be induced in the bar of the
rotor is broken is leaked out and was sensed using the ACS712 “Hall
Effect” sensor which Is used to sense the current as well. The reading

indicates the rise in peaks of the flux.
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4.5.3 Impact on Sound

The change in sound was observed. When the number of broken rotor’s bar
increased the sound of the motor become weird proportionally. The
loudness of the sound could be experienced as normally in industry the
maintenance technicians observe the sound of the motor closely and report
the engineer if any change in sound is heard, it is the most traditional way
on the working floor to identify that motor or it’s operation has some
defect. The sound which was actually the noise of the motor is so observed
because the electromagnetic induction on rotor’s bar was not uniformly
distributed and due to that humming of the magnetic field the sound

became louder.

4.5.4 Impact on vibration

Vibration analysis is performed on an induction motor in to monitor the
condition on an induction motor in several literatures. As the motor was
becoming faulty the vibrational parameters were observed as well. With the
increase in number of broken rotor bar, the vibration of the motor was
increasing as it was smooth when there was no fault. In presence of
vibration sensors, a close look on the vibration and it’s parameter could be
analyzed. Whereas, a person can normally experience the rise in vibration

as the motor becomes more defected.
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CHAPTER 5. Results of Simulations & Experiments

5.1 Introduction

The induction motor chosen for the simulation studies has the following

parameters:

Type: three-phase, 2-pole, wye-connected, induction motor with,

R,=0.088 Q/ph R,=0.187 Q/ph

L,=0.0425 Q/ph L,=0.04 Q/ph

L, =0.0425 Q/ph J=0.4 kg m?

J, =0.4 kgm?

The transient operation of the three phase induction motor is illustrated
using the simulation study of direct-on-line starting. At t=0, the motor,
previously de-energized and at standstill connected to a 380 V, 50 Hz
three-phase power supply through a cable.

Motor’s stator current reflects the overall condition of an induction motor
by representing frequency parameters of that current signal. Thus, fault
diagnosis by mean of stator current spectrum investigation[20] for a
healthy and a faulty motor is done.

Since, in an induction motor mechanical angular speed of a rotor is less

than the rotating electrical fiend of a stator. Therefore, the slip is always

less than ‘1’ in running condition.
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o (9)

As fault become more severe there is an arise in higher order harmonics
which is clearly understandable that rotor bar is defected and the number
of defected bars can be estimated by analyzing the overall response of
stator current spectrum. As the number of broken rotor bars increase,
current’s flow increases which in turn dissipated in the form of heat which
is not only affecting the efficiency of motor but damages the winding as
well.

Further, Torque-Speed curve can be a supportive parameter which will be
altered as per the number of broken rotor bar.

A speed-torque curve of an induction motor with overall healthy condition
and no bar broken can be visualize that the traditional speed —torque curve
is attained.

As the number of broken bar increased a change in speed-torque curve can
be observed. The speed-torque curve of induction motor with 5 broken bar
can be visualize to see the drastic change in the response

Current samples obtained from the model described above are used to
identify the response and spectrum changes between healthy and faulty
motor with one or more than one broken rotor bars. As shown , the increase
in number of broken rotor bar is increasing the spectral changes in the
stator current spectrum. As the number of broken bar increase the speed-

torque curve shows the effect on speed which is stabilizing with certain
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perturbations. Whereas, the current response or difference between rated
and operational current can be observe to get the clear understanding of
number of broken rotor bar.

By comparing healthy motor with a faulty, we can understand that in a
healthy motor speed-torque curve is showing smoothness as the rotor gets
the speed. Whereas, in a faulty motor with broken rotor bars, the speed-

torque curve is in continuous variation as can be visualized.

5.2 Results of Healthy Motor in Frequency Domain

Frequency domain is one the most important tool to analyze and examine
the signal and its parameter. Sometimes, time domain analysis can be used
to fulfill the analysis need. Whereas, in close change frequency domain
analysis is used and variation in different spectral can be observed.

5.2.1 Simulation Results

Spectrum of healthy Model
T T T T T T T

MUl

L [ [ L L [ [
0 50 100 150 200 250 300 350 400 450 500
Frequency (Hz)

Fig. 5.1. Current Spectrum of Healthy Model
The simulation of the motor with none bar broken injected can be

visualize. The peak value is 1.3 but the value may change for the motor
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with similar power but other parametric change like rotor resistance or

stator resistance.

5.2.2 Experimental Results

Spectrum of healthy Motor
18 T T T T T T T T

Y@l

N~~~ A
100 150 200 250 300 350 400 450 500
Frequency (Hz)

Fig. 5.2. Current Spectrum of Healthy Motor

Hardware results are implemented to examine the response of the motor. As
we can see the peak value is at about 1.9. it is more than that calculated by
the model but such noise and other factors which were ignored in the model
impact the system. Simulation and hardware results can be totally matched
or totally different sometimes but mostly they validate each other by minor

changes as we have in this model.
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5.3 Results of Motor with 3 bar broken in Frequency

Domain

5.3.1 Simulation Results

Spectrum of 3 Broken Bar Model
T T T T T T
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Fig. 5.3. Current Spectrum of Model with 3 Broken Bar

Increase in number of broken rotor bar and its effect can be visualize in
fig.5.6 the peak is raised from 1.3 to 1.4 as the consumption of current and
electromagnetic induction is increased. As the broken area or the broken
rotor bar effect is in such a way that the electromagnetic flux which is not
inducing in that bar will accumulate its required current from other bar and

hence increased in current observed.
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5.3.2 Experimental Results

Spectrum of 3 Broken Bar Motor
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Fig. 5.4. Current Spectrum of Motor with 3 Broken Bar

The change in peak can be seen in the motor as in the model. The
difference in motor and model is due the noise and the factors neglected in
the model as the real time motor is more sensitive to other factors such as
condition of bearing and that of the winding. Fig.5.7 shows the increase in

peak as it is 2.0.

5.4 Results of Motor with 5 bar broken in Frequency
Domain:

5.4.1 Simulation Results

Broken rotor bar upto that extent is actually effecting the motor and its

efficiency as can be seen the peak is now raised to 1.8 as
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Fig. 5.5. Current Spectrum of Model with 5 Broken Bar

can be observed in fig.5.8. The efficiency of the motor is now degrading.

5.4.2 Experimental Results

Spectrum of 5 Broken Bar Motor
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Fig. 5.6. Current Spectrum of Motor with 5 Broken Bar
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The peak change in model and motor is due to the factors described earlier
and the change in model and motor can be minimized but hardly
achievable. The peak of current spectrum is now 2.11 in fig.5.9. which is
clearly mentioning the change in response of motor as number of broken

bar increased.

5.5 Results of Healthy Motor in Time Domain:

5.5.1 Simulation Results

Time Domain Analysis healthy Model
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Fig. 5.7. Current in Time Domain of Healthy Model

Time domain analysis is a good tool to analyze certain changes in response of
the system but for a small change and complex scenario it is avoided. Here, we

can see the time sequence of current consumed by the motor. As it is the
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model’s response it can be variant in real motor. In fig.5.10. the peak current

for starting torque is less than 15.

5.5.2 Experimental Results

Time Domain Analysis of healthy Motor
T T T

Current(A)

15k c 3 e 3 e 3
(o] 50 100 150 200 250 300
Time

I3 r r £
350 400 450 500

Fig. 5.8. Current in Time Domain of Healthy Motor

In hardware of the prescribed model the current consumed is little change

but the change in current response as per the number of broken rotor bar

can be seen.

5.6 Results of Motor with 3 bar broken in Time Domain:
5.6.1 Simulation Results

Increase in broken rotor bar is effecting the current as to accumulate the starting

torque of the motor but can hardly be seen if the change in
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Fig. 5.9. Current in Time Domain of 3 Broken Bar Model
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number of broken rotor bar is small hence 3 broken rotor bar response are

collected directly. The peak current in fig.11 can be seen has reached to 15 now.

5.6.2 Experimental Results

Time Domain Analysis 3 Broken Rotor Bars Motor
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Fig. 5.10. Current in Time Domain of 3 Broken Bar Motor
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Experimental results validating the change in current spectrum can be seen
in the response of the motor the motor’s peak current has now reached to
16 in fig.5.13 and may increase further to fulfill its need of starting torque

in case of increase in broken rotor bar

5.7 Results of Motor with 5 bar broken in Time Domain:

5.7.1 Simulation Results

Time Domain Analysis of 5 Broken Rotor Bars Model
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Fig. 5.11. Current in Time Domain of 5 Broken Bar Model

Number of broken rotor bar has increased to 5 and the effects of this increment

can be visualize in current spectrum as it is now over 15 in fig.5.14.
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5.7.2 Experimental Results

Time Domain Analysis 5 Broken Rotor Bars Motor
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Fig. 5.12. Current in Time Domain of 5 Broken Bar Motor

The hardware results of response of motor with 5 broken bar is attained
and plotted the current’s peak, is now close to 17 in fig.5.15. the rise in
model and motor’s current peak and their difference has shown the attitude
of current as per the disturbances.

Current and its peak are changing as we are increasing the number of
broken rotor bar. It is clearly visible that the effeiciency of the motor is
effected. In case of mega motor this change could lead to tens of ampere

loss per hour and will part in increased utility bill.
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CHAPTER 6. Conclusions

Fault diagnosis and condition monitoring of an induction motor is
practically challenging and critical to perform. lIdentification of broken
rotor bar in an induction motor and it diagnosis for research purpose is
expensive and difficult to perform as induction motor is of high cost and
real efforts are needed to inject such faults in induction motor manually.

The thesis is the study of broken rotor bar it’s impact and possible
consequences for that a hardware setup for motor’s operation is
investigated. Hence, It can concluded that the change in resistance of rotor
which is in accordance with the number of rotor bar broken is translated in
form of increased rotor resistance, we can analyze the number of broken
rotor bar and can visualize the severity of the fault by mean of current
consumption so that preventive maintenance measures could be taken which
is comparatively easy for engineers than breakdown maintenance so that

production and operation of an industry doesn’t suffer.

6.1 Analysis of Broken Rotor Bar

Hardware implementation of the proposed method has performed using an
experimental setup so that live motor and its responses could be visualized
to validate the authenticity of the working model.

Time domain analysis is performed and alteration in current spectrums

were studied. It was found that initially the current does not change
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abruptly as the bar broken but when number of broken rotor bar increased
the current spectrum changed. Further, the RMS of the motor increased as
the number of broken rotor bar increased. Thus, fault severity is playing a
major role on the amplitude and RMS of the motor whereas, the minor fault
introduced after a single bar broken is unable to find using time domain
analysis but in case of more than 3 bars broken in a rotor of 14 bars, these
values shows the differences prominently. Hence, can be use in case of
small operation and motor with low power or low cost.

Frequency analysis is a key tool to examine small scale deviation in the
spectrum. Frequency domain analysis is performed and it authenticate the
small scale deviation as a single number of bar is broken. Hence, the
frequency analysis shows a good contribution in identifying even a single
number of bar broken and can be used in large scale operation as well

small scale, depends on the operation.

6.2 Implementation of fault

Fault in induction motor is implemented by manual mean. Motor was
disassembled and then the rotor bar is drilled using a drilling machine in
mechanical workshop. Being conscious, he drilling should be performed by
the person with training else it could be dangerous. Once the drilling is
performed the motor should be assemble properly with perfect bearing

placement and oiling or it could disturb the actual readings of the stator.



6.3 Future Works

The work presented
diagnosis of faults of an induction machine. Further, several other analysis

could be performed using the same setup and techniques with different

parameters, some of them are given below

Wavelet transformation on the signals could be performed in detail,
so that more clear differences between slight changes in current
spectrum could be visualized.

Leakage flux, which is adopted using the same sensor could be
investigated. It’s a detail topic to cover with specific target.

Other faults like Bearing, ware tare, motor’s base bolt, stator could
be introduced in the hardware model to further identify the
differences between broken bar and other faults.

A hand-held portable device could be design to perform the
preventive maintenance of the induction motor for such industries

where online monitoring system is not implemented.

is on a small scale and can play a little part in
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